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ABSTRACT

The current paradigm of osteoblast fate is that the majority undergoes apoptosis, while some
further differentiate into osteocytes and others flatten and cover bone surfaces as bone lining
cells. Osteoblasts have been described to exhibit heterogeneous expression of a variety of
osteoblast markers at both transcriptional and protein levels. To explore further this
heterogeneity and its biological significance, Venus-positive (Venus®) cells expressing the
fluorescent protein Venus under the control of the 2.3-kb Collal promoter were isolated from
newborn mouse calvariae and subjected to single-cell RNA-sequencing. Functional annotation
of the genes expressed in 272 Venus® single cells indicated that Venus® cells are osteoblasts
that can be categorized into four clusters. Of these, three clusters (cluster 1-3) exhibited
similarities in their expression of osteoblast markers, while one (cluster 4) was distinctly
different. We identified a total of 1920 cluster-specific genes and pseudotime ordering analyses
based on established concepts and known markers showed that clusters 1-3 captured
osteoblasts at different maturational stages. Analysis of gene co-expression networks showed
that genes involved in protein synthesis and protein trafficking between ER and Golgi are
active in these clusters. However, the cells in these clusters were also defined by extensive
heterogeneity of gene expression, independently of maturational stage. Cells of cluster 4
expressed Cd34 and Cxcl12 with relatively lower levels of osteoblast markers, suggesting that
this cell type differ from actively bone-forming osteoblasts and retain or re-acquire progenitor
properties. Based on expression and machine learning analyses of the transcriptomes of
individual osteoblasts, we also identified genes that may be useful as new markers of osteoblast
maturational stages. Taken together, our data show much more extensive heterogeneity of
osteoblasts than previously documented, with gene profiles supporting diversity of osteoblast

functional activities and developmental fates.
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INTRODUCTION
Bone marrow stromal cells (BMSCs; aka mesenchymal stem cells) have capacity to

differentiate into multiple cell types including osteoblasts, adipocytes, and chondrocytes.®?
Osteoblast lineage fate decision is driven by the master transcription factor RUNX2,® which
directly regulates the expression of SP7, a transcriptional activator for osteoblast differentiation,
resulting in recruitment of SP7 and co-factor DLX to osteoblast enhancers to promote the
expression of osteoblast-specific genes.*® Osteoblasts play a pivotal role in bone formation
by producing and secreting bone matrix components and initiating matrix mineralization. Over
half of the osteoblasts undergo apoptosis, while the remaining cells are entrapped in the bone
matrix and become osteocytes or cover inactive (non-remodeling) bone surfaces as bone lining
cells.® Osteoblasts survive for several weeks, while osteocytes build cellular networks and can
survive for over 20 years.(? Bone lining cells are post-mitotic flattened cells, which can be
reprogrammed to active osteoblasts during adulthood® in response to external stimuli.®® Thus,
lineage commitment and differentiation into osteoblasts are usually considered unidirectional
deterministic processes, characterized by at least three different osteogenic fates or outcomes.
However, growing evidence shows that fate shifts of osteoblast lineage cells can occur.%9
For example, a subset of relatively mature rat osteoblasts expressing PPARy become
adipocytes when cultured with the synthetic PPARy agonist rosiglitazone.'? Loss of Wnt/p-
catenin signaling also changes the fate of preosteoblasts to adipocytes.? These data suggest
that osteoblast lineage cells do not always undergo unidirectional differentiation, but the
molecular mechanisms by which osteoblasts may acquire diverse fates remain to be more fully

explored.

Single cell colony assays™? and in situ hybridization and immunohistochemical analyses® of

osteoblast marker genes have suggested that osteoblasts comprise molecularly heterogeneous
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populations, which may reflect not only molecular diversity but also functional diversity in
osteoblasts."1?1® Among the many facets of cellular heterogeneity, non-genetic (phenotypic)
heterogeneity is increasingly being appreciated as not just noise or technical artifact but as a
fundamental intrinsic condition not only for the evolution of organismal robustness, but also
for the relationship between genetic and developmental robustness, including multipotency and
cell type diversification.!4' Until recently, analytic tools for transcriptomics were reliably
applied mainly to bulk cell samples, but newer technological breakthroughs now allow for
transcriptomic analysis at the single-cell level.1%17) In this study, we sought to demonstrate
heterogeneity in osteoblasts isolated from calvariae of newborn mice expressing the fluorescent
protein Venus under the control of the 2.3-kb Collal promoter (Venus™ osteoblasts) by single-

cell transcriptome analysis.
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MATERIALS AND METHODS

Generation of Collal-Cre; R26R-Lyn-Venus reporter mice

Transgenic mice expressing Cre recombinase under the control of the 2.3 kb type I collagen
promoter (Collal-Cre) were obtained from the RIKEN BioResource Center.!® Collal-Cre
mice were mated with R26R-Lyn-Venus mice (kindly provided by RIKEN Center for Life
Science Technologies; CDB0219K, http://wwwz2.clst.riken.jp/arg/reporter_mice.html)®® to
obtain conditional reporter mice expressing the yellow fluorescence protein Venus in
osteoblasts (Collal-Cre; R26R-Lyn-Venus). All mice were fed ad libitum with a regular diet.
Animal use and procedures were approved by the Committee of Animal Experimentation at

Hiroshima University.

Immunohistochemistry

To confirm the distribution of Venus* cells, newborn calvariae were dissected away from
surrounding tissue and fixed in 2% paraformaldehyde, 75 mM L-lysine, 10 mM sodium
periodate in 0.1 M phosphate buffer, pH 7.4 at 4°C for 2 h, demineralized in 10% EDTA in
PBS at 4°C for 24 h, and embedded in paraffin. Deparaffinized sections were pretreated with
antigen retrieval solution (6M urea in 0.1M Tris-HCI, pH 10.2) for 1 h at room temperature.
Tissue sections (4-5 pum thickness) were treated with Protein Block (DAKO, Glostrup,
Denmark) for 10 min at room temperature, followed by incubation with primary antibodies or
negative control IgGs at 4°C for overnight. Primary antibodies were against alkaline
phosphatase (ALP, 1:100; Proteintech, Chicago, IL) or GFP (Venus, 1:100; Thermo Fisher
Scientific, Carlsbad, CA). Goat anti-rabbit 1gG, Alexa Fluor 594® (1:500; Thermo Fisher
Scientific) and goat anti-chicken IgY, Alexa Fluor 488 (1:500; Abcam, Cambridge, MA) were
used as secondary antibodies. Each incubation step was followed by three washes with TBS

including 0.025% Triton X-100. Fluorokeeper with DAPI (Nacalai Tesque, Tokyo, Japan) was
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used for counterstaining, and signals were observed under an inverted fluorescence microscope

(Leica DMi8; Leica Microsystems).

Isolation of calvaria cells

Calvaria cells were harvested from 2- to 4-day-old Collal-Cre; R26R-Lyn-Venus newborn
mice as described on the website: https://www.csr-mgh.org (The Center for Skeletal Research,
Massachusetts General Hospital Endocrine Unit). Briefly, calvariae were aseptically dissected
and subjected to 8 sequential digestions (the 1st-4th, 6th and 8th steps with 1 mg/ml
collagenase type | and Il (ratio 1:3; Worthington Biochemical, Lakewood, NJ) in a-MEM
supplemented with 0.1% bovine serum albumin, 15 mM HEPES pH 7.4, 1 mM CaClz; the 5th
and 7th steps with 5 mM EDTA in PBS including 0.1% bovine serum albumin). Cells were
isolated from each step (fractions 1-8); of these, we used fractions 3—-6 to obtain osteoblasts
(see below) and eliminate non-osteoblastic (see the RESULTS section) and osteocyte

contamination (https://www.csr-mgh.org).(%:2

Cell cultures and cytochemistry

To evaluate their manifestation of the osteoblast phenotype in vitro, Venus* calvaria cells were
plated on 35 mm culture dishes at 0.5-1.0 x 10* cells/cm? with a.-MEM containing 10% FBS,
50 pg/ml ascorbic acid and antibiotics (osteogenic medium). Cells were treated with 10 mM
B-glycerophosphate for 2 days before culture termination, and fixed in 4% paraformaldehyde
in PBS for 10 min at 4°C. ALP and von Kossa staining were performed to determine
mineralized nodules.?? All cultures were maintained at 37°C in a humidified atmosphere with

5% COz2, and medium was changed every second or third day.

Fluorescence activated cell sorting (FACS)
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Fractionated calvaria cells (fractions 3—-6) were suspended in 250 pul of 2% FBS (PAA
Laboratories GmbH, Pasching, Austria) in PBS (1-9 x 10° cells/ml) and treated with 2.5 pl of
DAPI (10 pg/ml) to exclude dead cells. After filtration (35 um in pore size), cells were sorted
on a BD FACSAria Il flow cytometer (Franklin Lakes, NJ) using a 130 um nozzle at a flow
rate of < 3 on the flow rate scale from 1-11 (10-110 pl/min) to obtain Venus® cell; these
sorted cells were also histologically defined as Venus™ osteoblasts (see the RESULTS).

Calvaria cells from wild type mice were used as a reference.

Single-cell RNA-sequencing (RNA-seq)

Isolated Venus* osteoblasts (300 cells/ul) were loaded onto the C1™ Single-Cell mMRNA Seq
IFC (10-17 pm cell diameter; Fluidigm, South San Francisco, CA), and captured single cells
were confirmed by phase-contrast microscopy to exclude doublets and debris from further
analysis. cDNAs were prepared in integrated fluidic circuits using the SMARTer® Ultra® Low
RNA Kit for the Fluidigm® C1™ System (TAKARA Bio, Shiga, Japan). A bulk control (about
100-200 cells) and a negative (no template) control were processed in parallel using the same
reagents and methods. Sequencing libraries were constructed in 96-well plates using the
Nextera XT DNA Sample Preparation Kit (Illumina, San Diego, CA), according to protocols
supplied by Fluidigm. Two hundred and eighty-five single-cell libraries and control libraries
were successfully collected and sequenced by either 100-bp paired-end on the Illumina HiSeq
2500 or 150-bp paired-end on the NovaSeq 6000. Quality metrics of single-cell RNA-seq data
(except 2 samples for which a very low number of reads were obtained) were as follow: mean
reads per cell, 3.96 million reads/cell; percentage of reads mapped to the genome, average
80.43%); total genes detected, 16,408 genes; mean detected genes per cell, 3854.13 genes/cell.
These sequence data were deposited in DDBJ Sequence Read Archive under the accession

number DRA011310 and DRA011348.
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Analyses of RNA-seq data

Alignment of reads to UCSC Mus musculus transcriptome (mmZ10) and the calculations of read
counts and fragments per kilobase of exon per million mapped fragments (FPKM) were done
using the BaseSpace® RNA-seq Alignment v1.1.1 (http://basespace.illumina.com). Two
samples were omitted from further analysis due to the very low number of reads obtained.
Clustering and differential expression analyses were performed using the Seurat R package
v3.0.0.332% The Pearson’s correlation coefficient was calculated using the Cor function in R.
Violin plots were generated with the ggplot2 package in R. Highly variable genes were
identified by using M3Drop, an R package.®® We used the Monocle R package v2.10.0 to do
pseudotime analysis.?¢-?®) Gene expression changes along pseudotime were analyzed by using
the branched expression analysis modeling (BEAM) function in Monocle. Weighted gene co-
expression network analysis (WGCNA) was performed using the WGCNA R package.®® Gene
ontology (GO) analysis was performed by using the PANTHER classification system
(http://pantherdb.org/), and characteristic GO terms in category “biological process” were
extracted from parent terms of hierarchy sort.®% Protein-protein interaction (PPI) network

analysis was performed using the Cytoscape version 3.7.1 with the stringApp.©?
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RESULTS

Venus® cells

The distribution of cells expressing Venus in the calvariae of Collal-Cre; R26R-Lyn-Venus
newborn mice was confirmed by immunohistochemistry. ALP* cells on bone surfaces, but not
ALP™ cells further away from bone surfaces or ALP™ fibroblastic cells, were costained for
Venus (Fig. 1A). In calvaria cell cultures fractionated by sequential enzymatic digestions,
Venus® cells were enriched in fractions 5 to 8 (Fig. S1A). Bone-like mineralized nodules were
seen in fractions 2—8 cells cultured under osteogenic conditions, but were much more abundant
in fractions 5 to 8 versus earlier fractions (Fig. S1B). Venus™ cells were seen exclusively in
mineralized nodules and not surrounding cell layers (Fig. S1C). Based on these results, together
with the elimination of osteocyte contamination by discarding fractions 7 and 8 (see
MATERIALS AND METHODS), we defined isolated fraction 3-6 Venus™ cells as osteoblasts

(Venus™ osteoblasts).

Clustering analysis of gene expression profiles of single Venus* osteoblasts

We obtained the transcriptomes of 283 single Venus* osteoblasts, and Seurat v3 was used to
integrate the single-cell datasets for characterization of Venus* osteoblasts based on their gene
expression profiles. Averaged single-cell expression profiles were correlated with the
corresponding bulk expression profiles (Fig. S2A). Uniform manifold approximation and
projection (UMAP) and t-distributed stochastic neighbor embedding (t-SNE) analyses
indicated that 272 Venus* single osteoblasts could be divided into four clusters (cluster 1, 107
cells; cluster 2, 92 cells; cluster 3, 41 cells; cluster 4, 32 cells), and cluster 4 was completely
isolated from clusters 1-3 (Fig. 1B, S2B). Eleven cells were classified as outlier cells. Cell-to-
cell heterogeneity was quantified by Pearson’s correlation coefficient and showed a broad

spread (correlation coefficients r = 0.15 to 0.89, Fig. 1C), which was mostly attributed to cluster
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4 (Fig. 1C). Cell-to-cell heterogeneity in gene expression was observed, with identification of
1516 highly variable genes across all cells (Fig. S2C, Table S1). As shown in the Venn diagram
(Fig. S2D), 1487 and 228 were observed as highly variable genes in clusters 1-3 and cluster 4
(Tables S2 and S3), respectively. Comparison of gene expression profiles of one cluster with
the others identified 1920 differentially expressed genes (p-value < 0.01, log fold-change >
0.25; Fig. 1D, Tables S4-S7). We explored up-regulated (more highly expressed) genes in one
cluster versus the others to assign its cell-type identity by measuring the receiver operating
characteristic area under the curve (AUC; an AUC value of 1 represents a perfect classifier)
and by assigning GO terms. In cluster 1, 94 genes were up-regulated (Table S4); the levels of
these (see, for example, Vim with the highest AUC value 0.746, Fig. 1E) were slightly lower
in other clusters. These genes were associated with the regulation of cell cycle, cell
morphogenesis, cell migration, and cell differentiation (Fig. 1F). Cluster 2 showed 222 up-
regulated genes (Table S5) including Sgms2 (AUC = 0.803) and Lifr (AUC = 0.797) (Fig. 1E).
This cluster was also characterized by unique enrichment of genes functionally-relevant to
bone formation (Fig. 1F). Cluster 3 showed 249 up-regulated genes (Table S6) having
biological functions such as chondrocyte differentiation, biomineral tissue development, and
negative regulation of apoptotic signaling pathway (Fig. 1F). Of these, the Ptprz1 (AUC =
0.967; Fig. 1E), Ppap2a (Plppl; AUC = 0.967), and Phex (AUC = 0.952) genes were ranked
in the top three AUC values. As indicated above, cluster 4 was completely isolated from
clusters 1-3 (Fig. 1B, S2B), and we therefore focused particularly on both up-regulated (722
genes) and down-regulated genes (755 genes) in cluster 4 (Table S7). The enrichment of GO
terms in cluster 4 was represented by cell adhesion, extracellular matrix organization, glial cell
migration, actin filament bundle assembly, and collagen fibril organization (Fig. 1F). The genes
Itm2a and Nidl with top-ranked AUC values (AUC = 1.0 and 0.993, respectively), were

expressed exclusively in cluster 4 (Fig. 1E). On the other hand, genes relating to endoplasmic
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reticulum to Golgi transport, retrograde transport from Golgi to endoplasmic reticulum, and
osteoblast differentiation were down-regulated in cluster 4 (Fig. S2E). Indeed, well-known
osteoblast markers, such as Ibsp, Bglap, and Bglap2, were ranked as the most down-regulated
genes in cluster 4 (Table S7). PPI network analysis of up- and down-regulated genes in cluster
4 showed that the 116 and Egfr genes (Fig. S2F) and the Ctnnbl and Mtor genes (Fig. S2G)

function as hubs in cluster 4 and clusters 1-3, respectively.

Expression profiles of osteogenic marker genes

A series of well-established BMSC, osteoblast, and osteocyte marker genes were selected®7-32-
%9) to visualize their expression levels as a heatmap in the 4 clusters described above (Fig. 2A).
This heatmap again showed clear distinction between cluster 4 and the others, suggesting that
the expression profiles of established osteoblast marker genes may impinge on the clustering
analysis. We then attempted to identify differentially expressed genes across each cluster (see
details Tables S8-S13). Consistent with cell fractionation based on Venus expression, the
osteoblast marker genes Collal, Colla2, Sparc and Sppl were expressed in all single cells
tested.*®49 Notable, however, is that the expression levels of these genes were generally lower
in cluster 4 versus clusters 1-3, whereas the Cd34 and Cxcl12 genes expressed in mesenchymal
progenitor/osteoprogenitor cells®23335-37) were observed almost exclusively in cluster 4 (Fig.
2B, Tables S10, S12, and S13). Similarly, the hematopoietic stem cell niche factors Kitl and
Angpt1, also known to be expressed in osteoprogenitor cells,®® were abundant in cluster 4 (Fig.
2B). Thus, cells in cluster 4 may represent a subset of osteoblasts that retain elements of

mesenchymal progenitor/osteoprogenitor cell identities.

Although clusters 1-3 exhibit similar profiles of osteoblast lineage markers (Fig. 2A), a total

of 909 genes were differentially expressed amongst these clusters (p-value < 0.01, log fold-
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change > 0.25; Tables S8, S9, and S11), and several distinct features were evident (Fig. 2B).
For example, the expression of the BMSC markers Lepr and Nes®® was relatively rare in all
clusters (Fig. 2A). The early osteoblast marker DIx5 was mostly seen in cluster 2, which was
further characterized by high levels of Sp7 and Satb2. Bglap and Bglap2, mature osteoblast
markers, showed lower expression in cluster 3 compared to clusters 1 and 2. The relative
expression level of Ibsp was significantly different across clusters in the following order:
cluster 3 > cluster 1 > cluster 2. Pdpn, Dmp1 and Phex, markers of the transition state between
osteoblasts and osteocytes, were highest in cluster 3. Expression of other mature osteoblast
markers, such as Sparc and Sppl, were not statistically different between clusters 1-3. With
the exception of Pdpn, the osteoblast marker genes analyzed were less abundant in cluster 4
than in other clusters. Osteocyte marker genes were expressed in a few cells independently of
cluster, with the exception of Sost, which exhibited an increasing expression trend in cluster 3
(Fig. 2B). Thus, cells in cluster 2 express a relatively less mature profile, followed by cells of
cluster 1 and then cluster 3. We next generated a Venn diagram (Fig. S3A) and heatmap (Fig.
S3B) from two lists of genes, i.e., the highly variable genes (Table S2) and the differentially
expressed genes (Tables S8, S9, and S11). This indicated that a total of 1300 genes were
expressed independently of clusters 1-3. Overall, and consistent with previous studies,!!%
these data suggest that VVenus™ osteoblasts comprise cells that can be categorized into clusters
representative of distinct stages of osteoblast differentiation, but that cells at such stages exhibit

diverse gene expression profiles.

Differentiation trajectory of osteoblasts
To further characterize the 4 clusters identified and address the osteoblast differentiation
trajectory, we conducted pseudotime analysis using Monocle and ordered Venus* osteoblasts

in pseudotime. As seen in Fig. 3A, the pseudotime analysis arranged cells with a single
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bifurcation event giving rise to two distinct termini (denoted “terminal 1 (T1)” and “T2”). The
cells at the root were composed of cells primarily belonging to cluster 2, with bifurcation
toward either T1 (comprising mainly cluster 3 cells) or T2 (comprising cluster 4 cells). Cluster
1 cells were broadly distributed from root to T1, suggesting a linear trajectory from root to T
(denoted “trajectory 1”), i.e., sequential development within a restricted time window. On the
other hand, interpretation of the linear trajectory from root to T2 (denoted “trajectory 2”) is less

clear.

We therefore next characterized trajectories 1 and 2 by examining the expression kinetics of
osteoblast marker genes along the pseudotime-delineated trajectories (Fig. 3B). Trajectory 1
was characterized by the steep down-regulation then steady state expression of the early
markers, Runx2 and Satb2. Collal and Bglap expression remained constant through
pseudotime. The transition state markers Pdpn, Dmp1 and Phex exhibited rapid early increases,
slightly diminished expression (Pdpn and Phex) and then highest expression late. While the
profiles of all these markers in trajectory 2 cells paralleled those of trajectory 1 at early times,
all decreased to levels lower, in some cases (Bglap, Dmpl, Phex) much lower, than levels in
trajectory 1. Together, these data support the view that trajectory 1 delineates cells during a
limited time window of osteoblast development,(”) but that trajectory 2 delineates a distinctly
different event/differentiation status. We also examined the expression kinetics of 1tm2a, Nid1,
Fstl1, 1gfl, and Mest genes that ranked in the top five AUC values of cluster 4 (Table S7).
While the genes manifested steady state expression in trajectory 1, they were up-regulated

markedly in trajectory 2 (Fig. 3C).

We then used BEAM in Monocle to extract genes that were expressed in a trajectory-dependent

manner. A total of 403 genes were identified (g-value < 0.01, Table S14) and their expression
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profiles visualized in a heatmap (Fig. 3D). According to expression similarities, these genes
were classified into 3 groups: those with gradual increases and decreases in trajectory 1 and
trajectory 2 respectively (group 1), those with transient and gradual increases in trajectory 1
and trajectory 2 respectively (group 2), and those exhibiting no changes and gradual increases
in trajectory 1 and trajectory 2 respectively (group 3). GO analysis of genes in group 1 showed
enrichment for terms related to bone formation (Fig. 3E), supporting the results obtained in
pseudotime analysis. Trajectory 2 cells were again distinctly different, with enrichment in
terms for functions including cellular response to cytokine stimulus, negative regulation of
wound healing, positive regulation of cell-substrate adhesion, regulation of coagulation,
negative regulation of epithelial cell proliferation, and positive regulation of endothelial cell
proliferation (Fig. 3E). Taken together, the data suggest that trajectory 1 delineates a
differentiation process with continuous transition of osteoblasts to osteocytes, whereas
trajectory 2 delineates cells apparently undergoing a reversal of osteoblast differentiation with

acquisition of altered gene expression and potentially new function(s).

Network analysis of single osteoblast transcriptomes

WGCNA was performed to construct a co-expression network, which distinguished 11 distinct
co-expression module eigengenes. The eigengene dendrogram and the eigengene adjacency
heatmap identified modules with high positive correlations that could be divided into two
groups: the red and yellow modules and the others including turquoise, blue and brown
modules (Fig. 4A). These two groups showed a strong negative correlation (Fig. 4A),
suggesting that the balanced expression of these module eigengenes may be significant for
Venus* osteoblasts. The red and yellow modules showed the highest correlation in cluster 2,
followed by cluster 1 and cluster 3, and lowest correlation in cluster 4 (Fig. 4B), in accordance

with their expression levels (Fig. 4C). GO analysis suggested that the red and yellow modules
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were associated with translation, endoplasmic reticulum (ER)-to-Golgi transport, and Golgi-
to-ER retrograde transport (Fig. 4D). The greenyellow module also showed a positive
correlation with cluster 2 (Fig. 4B), but no enriched GO terms. It was, however, noted that the
turquoise, blue and brown modules showed positive correlation with cluster 4 (Fig. 4B). Of
these, the turquoise module with abundant expression in cluster 4 (Fig. 4C) was enriched for
genes involved in intracellular transport, cell-substrate adhesion, and Ras protein signal
transduction (Fig. 4D). GO analysis of all other modules significantly correlated with cluster 4
(except pink module with no enriched GO terms), including blue and brown modules, are also
shown in Fig. 4D. Thus, cluster 4 cells exhibit a greater number of co-expression modules than
do cells of clusters 1-3, suggesting that the cells in cluster 4 are in a state of potential
multifunctionality, while the cells in cluster 1-3 are more functionally uniform with focus on

protein synthesis and transport.
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DISCUSSION

Heterogeneity in the mRNA and protein repertoire expressed by osteoblasts was first
documented over 20 years ago by polyA-PCR and immunocytochemistry analyses of single
osteoblasts isolated from mineralizing colonies of cultured rat calvaria cells®? and by in situ
hybridization and immunohistochemistry on sections of fetal rat calvariae.**® Evidence is now
growing that the complex heterogeneous phenotype of a variety of cell types is biologically
significant>#1-48) and that stochastic fluctuations in expression levels of genes and/or proteins
drives cell fate determination.®4 It is, therefore, plausible that specific subpopulations of
osteoblasts defined by differences in gene and/or protein expression are committed to different
fates, i.e., to apoptosis or to becoming osteocytes or bone lining cells.(”? We have now extended
data on single-cell transcriptomes and employed a variety of machine learning tools to
demonstrate the transcriptional heterogeneity of osteoblasts. To this end, we used a 2.3-kb
Collal promoter, which is activated concomitantly with Ibsp expression in vivo®4% and
within a few days after endogenous Collal expression in mouse osteogenic cultures,” to
drive Venus expression in osteoblasts. These Venus® osteoblasts were isolated from neonatal
mouse calvariae. Our analysis, thus, was based on a limited osteoblast population and the
number of analyzed cells was not large. Nevertheless, based on expression and machine
learning analyses of the transcriptomes of 272 single Venus® osteoblasts, we uncovered much
more extensive heterogeneity of osteoblasts than previously documented, including several

well-established osteoblast differentiation markers®732-39 (see also below).

Dimension reduction methods (UMAP and t-SNE analyses) indicated that the 272 Venus*
osteoblasts could be classified into four clusters. Seurat analysis revealed that a total of 1920
genes were differentially expressed across the clusters. GO analysis showed that cluster 1 was

characterized by genes associated with the regulation of cell cycle and cell morphogenesis,

This article is protected by copyright. All rights reserved.



cluster 2 with genes related to bone formation, cluster 3 with genes related to bone formation,
apoptosis, and protein localization, and cluster 4 with genes involved in such activities as cell
adhesion, extracellular matrix organization, and cell migration (see Fig.1F). Pseudotime
ordering of the transcriptomes, including established osteoblast-osteocyte markers, uncovered
a developmental trajectory with root including cluster 2 (less mature osteoblasts), linear
dispersion of cluster 1 (mature osteoblasts) and two distinct termini, cluster 3 (more mature
osteoblasts) and cluster 4. In other words, while trajectory 1 delineated a sequence in which
cluster 2 cells led to cluster 3 via cluster 1, i.e., osteocytogenesis,”) trajectory 2 delineated a
sequence in which mature osteoblasts (cluster 1) cells ended in cluster 4, i.e., a distinctly
different event/developmental status. In trajectory 1 (clusters 1-3), a total of 909 genes
including established osteoblast markers, such as Bglap, Ibsp, and Dmp1, showed differential
expression (Fig. 2B). Further, cells in cluster 1 were linearly dispersed from root to Terminal
1 (T1), while cells in cluster 2 and 3 congregated mostly at root and Ti, respectively. These
results suggest that osteoblasts between root and T1 may cross a restricted time window of

osteoblast development with markedly diverse gene expression profiles.

Unexpected was trajectory 2, i.e., mature osteoblasts ending in cluster 4 with high expression
of Cd34 and Cxcl12, markers usually associated with less mature cells. For example,
osteoprogenitor cells are enriched in the CD34" population isolated from human and mouse
bone marrow.®2333) Human CD34" stromal cells can differentiate into fibroblasts, adipocytes,
smooth muscle cells, and macrophages under appropriate conditions in long-term culture.®?
Concomitantly, CD34 levels are downregulated during osteogenic differentiation in mouse
BMSC cultures.®” Likewise, CAR (CXC chemokine ligand 12, a transcriptional product of
Cxcll12, expressing abundant reticular) cells have been characterized as mesenchymal

progenitor cells, and osteoblasts fail to express Cxcl12.%> Given that both Bglap-Cre and
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Dmp1-Cre have been shown to target not only osteoblasts and osteocytes but also CAR cells,“®
it is possible that CAR cells may also be a target of the 2.3-kb Collal promoter. Taken together
with our findings that single Venus* osteoblasts expressed mature osteoblast marker genes, we
conclude that cluster 4 cells are a unique subpopulation of osteoblasts that may retain or can
re-acquire progenitor properties. In this regard, a recent study has shown that bone lining cells
express cell surface markers and genes characteristic of mesenchymal stem/progenitor cells,
such as Ly6a, Lepr, and Ctgf, with coexpression of osteoblast markers Dmp1 and Phex,® in
agreement with our data. Thus, cluster 4 cells may be a subpopulation of bone lining cells with
broader mesenchymal progenitor cell characteristics. Recent single cell RNA-seq analyses of
stromal cells (bone marrow niche cells) isolated from mouse long bones suggest other
possibilities.®®% Baryawno et al. suggest that there are two subsets of osteoblast lineage cells
with distinct differentiation or lineage trajectories and with distinct hematopoietic support
potential.®® Cluster 4 cells may have a different origin of differentiation, because these cells
expressed hematopoietic stem cell niche factors, such as Cxcl12, Kitl1, and Angptl (Fig. 2B),
and do not make a single continuous differentiation trajectory with clusters 1-3 in pseudotime
analysis (Fig. 3A). A subpopulation of cells (referred to as Fon1M9"/Igf1"9" by Tikhonova et
al.)*? also shows similar, but not identical, expression profiles to those of cluster 4 cells. If
this subpopulation represents cells undergoing osteogenic transdifferentiation of chondrocytes
to osteoblasts as Tikhonova et al. posit, our cluster 4 cells derived from calvariae (a tissue
formed by intramembranous ossification) may be another subpopulation present only in certain
tissues and/or at certain developmental stages. We also cannot exclude, however, the possibility
that cluster 4 cells may be contaminated with some other type | collagen-expressing
mesenchymal progenitor cells and further studies are clearly needed to characterize these cells.
To this end, we attempted preliminary FACS fractionation experiments, and found that the

percentage of CD34" cells in the Venus™ population was low (1.4 %, data not shown), i.e.,
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lower than the estimated ~9% (vide supra, and Fig. 2) from our transcriptomic analyses. Further,
not only the low yield of sorted Venus® CD34" cells but also their poor survival in culture (less
than a week; data not shown) precluded our ability to characterize these cells more fully, an

issue to be addressed in future.

As noted earlier, osteoblast fate includes not only conversion to osteocytes and lining cells but
also apoptosis, however we have not yet uncovered a well-defined subpopulation of apoptotic
cells in our analyses. Apoptosis is considered to be an essential component of various normal
cellular processes, such as embryonic development, cell differentiation, and tissue
homeostasis.®® Recent studies have shown that the conflicting signals of apoptosis and
survival can be activated simultaneously through the same ligand-receptor complex. Further,
the magnitude of such signals not only varies among cell types, but also depends on intrinsic
and extrinsic noise even in the same cell type.®? Indeed, apoptotic response promotes
osteoblast differentiation via the p53-Akt-FoxO pathway.®? Thus, expression of apoptotic
versus survival signals and, concomitantly, apoptotic behavior may differ amongst individual
osteoblasts, contributing to noise in the expression profiles and to our inability to recognize a

distinct apoptotic subpopulation amongst the differentiating cells.

WGCNA analysis support and extend the pseudotime differentiation trajectory analysis, and
the uniqueness of cluster 4 cells. WGCNA analysis showed that protein synthesis and protein
traffic between ER and Golgi are active in root cells and decline through cells along trajectory
1 (Fig. 4). ER-to-Golgi trafficking is an essential prerequisite to sort and pack proteins for
delivery to their final destinations, such as the extracellular space via secretory vesicles, plasma
membrane, and other organelles,®? in keeping with the role of osteoblasts in extracellular

matrix formation and mineralization. On the other hand, cluster 4 cells (the cells at the terminus
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of trajectory 2) showed greater expression of turquoise module eigengenes (Fig. 4), suggesting
that cells in cluster 4 are active in intracellular transport, presumably transport proteins
involved in signal transduction, such as Ras proteins (see Fig. 4D). While Ras-mediated signal
transduction may be active in this cluster, phosphatidylinositol 3-kinase signaling involved in
phosphatidylinositol metabolism may not be functional due to the low levels of expression of
blue module eigengenes. That the cells in this cluster may also be in different phase of cell
cycle is suggested by the relatively low expression of brown module eigengenes, but this
requires further studies given the relatively high expression of green module cell-cycle related

genes (Fig. 4C, D).

Our data support the evolving concept of extensive biological diversity and developmental
plasticity of osteoblasts with heterogeneous or distinct transcriptomes.®+3%49) Amongst this
diversity, we identified a unique lineage-committed osteoblastic cell type that expresses
transcriptional features of progenitor cells (cluster 4). These cells may possess substantial
cellular plasticity that allows de-differentiation and re-entry into cell-cycle to reprogram their
cell fate, as observed previously, for example, in cardiomyocytes.®® In this regard, bone lining
cells have been shown to display the ability to proliferate and contribute to bone formation
after osteoblast ablation,® suggesting that trajectory 2 may represent a process of de-
differentiation. Such transcriptional and biological diversity of osteoblasts may be achieved
through cell-to-cell heterogeneity of epigenetic factors/mechanisms. Epigenetic heterogeneity
has been suggested as a mechanistic component of fluctuating pluripotency in ES cells.® How
stochastic fluctuations in epigenetics and gene expression, even relatively small fluctuations
often considered “noise”,*344 participate in these processes must be further explored.
Nevertheless, we found approximately 1900 genes differentially expressed in four different

osteoblast clusters, that may offer potential new markers involved in osteocyte or lining cell
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fate determination. For example, Sgms2, a key regulator of sphingolipid signaling metabolites,
and Lifr, a receptor for leukemia inhibitory factor, are known as causative genes for skeletal
dysplasia®®>®® and Stiive-Wiedemann/Schwartz-Jampel type 2 syndrome,®” respectively.
Thus, these genes may serve as markers of osteoblasts with divergent osteoblast activities (Fig.
1E, Table S5). LIFR is known to heterodimerize with gp130 to exert the inhibitory effect on
osteoblastogenesis.®® The function of Sgms2 in osteoblasts remains unclear, but it may be
involved in the formation of osteoclasts.®>%) Ptprz1, a member of the receptor tyrosine
phosphatase family, and Ppap2a (Plppl), a member of the phosphatidic acid phosphatase
family, may delineate a subpopulation of osteoblasts capable of osteocyte differentiation (Fig.

1F, Table S6) by controlling the amount of extracellular lysophosphatidic acid.®%¢%

We have now performed the first transcriptomic analysis of osteoblasts derived from neonatal
mice calvariae at the single-cell level, establishing a much greater extent of osteoblast
heterogeneity than previously known. We have also clarified gradual fluctuations in gene
expression during the differentiation and/or maturation processes of osteoblasts with higher
resolution and more detail by analyzing a limited cell population. Our findings support the
validity of and need for additional single-cell analyses to determine mechanisms underlying

osteoblast fate determination and the functional diversity of osteoblasts.
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FIGURE LEGENDS

Figure 1. Clustering analysis of gene expression profiles of single Venus™ osteoblasts. (A) The
distribution of Venus™ cells in calvariae of newborn Collal-Cre; R26R-Lyn-Venus reporter
mice. Paraffin-embedded mouse calvariae were immunostained for Venus (green) and ALP
(red). DAPI was used for nuclear counterstaining. Scale bars, 25 um. (B) Venus® osteoblast
clusters by UMAP algorithm. Each dot denotes a single cell. Colors correspond to cell clusters.
(C) The distribution of the Pearson’s correlation coefficients of single-cell transcriptomes. Data
is shown as violin plots. (D) The top ten marker genes in each cluster as determined by Seurat
analysis. Genes and single cells are shown in rows and in columns of the heatmap, respectively.
(E) The expression pattern of representative genes in each cluster. Dots denote single cells with
violin plots. p-value; *p < 0.01, **p < 0.001. (F) The fold enrichment of top 5 enriched GO

terms (p < 0.05) in each cluster.

Figure 2. Identification of Venus™ osteoblast types based on known lineage marker genes. (A)
The expression profiles of the selected osteoblast-lineage marker genes. Data is shown as
heatmap. Genes and single cells are shown in rows and in columns of the heatmap, respectively.
(B) The expression patterns of representative osteoblast-lineage marker genes in each cluster.

Dots denote single cells with violin plots. p-value; *p < 0.01, **p < 0.001.

Figure 3. Pseudotemporal analysis of single Venus™ osteoblasts. (A) Pseudotemporal ordering
of osteoblasts showing a root and developmental trajectory with a single bifurcation point
splitting into two different terminals. Each dot corresponds to one single cell, colored according
to its cluster label. Eleven cells labeled “Out” are outlier cells by Seurat analysis. (B)
Representative osteoblast-osteocyte gene expression kinetics along the pseudotime trajectories,

from root to Ti (trajectory 1, dotted line) and to T2 (trajectory 2, solid line). Each dot
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corresponds to one single cell, colored according to its cluster label. (C) The top five ranked
genes in AUC values of cluster 4 depicts the expression kinetics along pseudotime trajectories
from root to T1 (trajectory 1, dotted line) and T2 (trajectory 2, solid line). Each dot corresponds
to one single cell, colored according to its cluster label. (D) The trajectory-specific expression
dynamics from root to T1 and T2. Genes (row) are clustered into three groups according to
expression profiles and cells (column) are ordered according to the pseudotime. (E) The fold

enrichment of top 5 enriched GO terms (p < 0.05) in each group.

Figure 4. Network analysis of Venus® osteoblast transcriptomes. (A) Upper panel, the
hierarchical clustering dendrogram of module eigengenes; lower panel, module eigengene
adjacency heatmap. Values (p < 0.01) in heatmap indicate the degree of correlation between
each module. The color scale indicates the correlation coefficient (blue = negative correlation,
red = positive correlation). p-value is shown in parentheses. (B) Heatmap of the correlation
between modules and clusters. The color scale and degrees (p-values) are described in (A). (C)
The average expression of module eigengenes. Modules and single cells in heatmap are shown
in rows and in columns, respectively. (D) The fold enrichment of top 5 enriched GO terms (p

< 0.05) in each module.

SUPPLEMENTAL FIGURE LEGENDS

Figure S1. Characterization of Venus® cells in Collal-Cre; R26R-Lyn-Venus mouse calvariae.
(A) The relative abundance of Venus™ cells in each fraction. Data are shown as mean + SD
(n=3-7). (B) Representative macroscopic images of cells with ALP/von Kossa staining. Cells
were cultured in osteogenic medium for 19 days. (C) Immunofluorescence detection of Venus®
osteoblasts. Note that Venus™ osteoblasts reside almost exclusively in or close to mineralized

nodules (see phase contrast).
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Figure S2. Characterization of gene expression profiles of single Venus* osteoblasts. (A)
Scatter plot showing the correlation between the averaged single cell expression values and the
averaged bulk expression values (two technical replicates). (B) Visualization of Venus*
osteoblast clusters by t-SNE algorithm. Each dot denotes a single cell. (C) The squared
coefficient of variation (CV?) against the average normalized read counts across all cells. The
red line and red dashed line denote the fitted noise model and 95% confidence interval,
respectively. (D) The overlap among the highly variable genes identified across all the cells,
clusters 1-3 and cluster 4. (E) The fold enrichment of the top 5 enriched GO terms (p < 0.05)
in clusters 1-3. (F, G) The PPI network of up- (F) and down- (G) regulated genes in cluster 4.
Node size represents betweenness centrality (larger nodes are more central), node colors
represent the degree of connection (brighter colors are more connected nodes), and edge width

represents edge-betweenness values (thicker lines are higher values).

Figure S3. Heterogeneity of Venus™ osteoblasts in gene expression. (A) The overlap among

the highly variable and differentially expressed genes across clusters 1-3. (B) The expression

profiles of 100 representative genes as shown by heatmap.

This article is protected by copyright. All rights reserved.



(g)

Clusters ©1 ©2 3 04

e

Pearson's correlation coefficient

05
0.25
0
Allcells 1 2 3 4
UMAP_1 Clusters
D Cluster 1 Cluster 2 Cluster 3 Cluster 4
Lrrets [T I I | H
:2‘2’221 0 “mh HF’ III y |I" il 'II" " '
Ngergg II J TR | " rllllll lIl I[lI njn IIIIIIl III
Emp1 [ | | II | IIIIII | II\ ”lIHI II” II '\IIII ‘
Vim | | | ”
Kgyg} IIII Il|| IIIII |
Fign i 'III 1 1I N I* |IIIII
Cz'rff I lll IHII ]| |\ I]IHIIIIIIII il | Hll I“; .ﬂm
Smpd3 | I II L1 i
Sgms2 | I | ,

gy’;;;ll ; | IIII | 11 |f LIJ'III
Satb II ]Ih IIIH | ill III II' i IlI nIIII IIIIJ|1III|I n \ !IT l

Cahi1 | Il

sl I | : A
Prox [N 11 WA 1I T T m I | —
caos it i I”I k' |||1||'1| [ =
Foin7 v N | i ||rh .l'

A |

Expression levels

| lJ h\ J H !
Pdpn | | III ||I II[IIIII Ie \ LI ||
Anxa8 1
Endod1 I I 1
Itm2a
Igft
ogn
H19 l
Fsti1 |
Aspn : :
Nid1
postn I | | | N} | | | | |
Col3al |
Mraps
E Nid1
s s =
T |
o4 44;
5
5 3% 3
2] .
N 2 N
@ 2
£1 1 -
& e
0 0
Cluster 1 2 3 4 1.2 3 4
F Cluster 1 GO terms Fold enrichment Cluster 2 GO terms Fold enrichment
positive regulation of cell cycle endochondral ossification
regulation of cell morphogenesis osteoblast differentiation
regulation of cell cycle process embryonic cranial skeleton morphogenesis
regulation of cell migration regulation of bone mineralization
positive regulation of cell differentiation regulation of cartilage development
0123 456 7 0 5 10 15 20 25
Cluster 3 Cluster 4
chondrocyte differentiation cell adhesion mediated by integrin
biomineral tissue development regulation of extracellular matrix organization
negative regulation of intrinsic apoptotic signaling glal cell migration
regulation of protein localization to plasma membrane actin filament bundle assembly
regulation of blood vessel endothelial cell migration collagen fibril organization
0 2 4 6 8 10 12 0 2 4 6 8 10 12

Figure 1.
JBM4_10496_Figure_1.tiff

This article is protected by copyright. All rights reserved.



Bone marrow
stem cell

Osteo-
progenitor mesenchymal

Early
) Mature osteoblast

Osteocyte

Expression Level

04

Cluster 1 Cluster 2 Cluster 3

Cluster 4

- N »

L N s %

l H
o - N

H

p,:,|] | Iﬂ |III| Illlll II

C n“

i

IIII II”I[ IIII IJIH hl | I I1||I llh l II, II I
JI“I “”J “L | Illlll‘llul ll1 il Illl:!llll JI I|IIIIWIl

TR T L
) H

IIIIIII
IIIIIIII

'g,'.t.i fR

\II‘
i

' il IIIIII+ i

Runx2

Cxcl12

N
h
N

Sp7

Expression levels
L L o anN

__ DiIx5

T
Cluster 1

N w

Expression Level
s

0 4

%él‘l:

Colt1at

o 4N W A O

Cluster 1'

2 3

ES o

[N}

Expression Level

o

Spp1

o . N W A O

Cluster ‘;

2 3

V2N , 0.154
P l 0.05

Figure 2.
JBM4_10496_Figure_2.tiff

This article is protected by copyright. All rights reserved.



A Cell cluster (Seurat) C Itm2a

® C1 e C2 e C3 ® C4 ® Out 1000
5 T 100
! 10
1
25
30
P 10
£
g 3
g 0 1 Cell cluster
8 (Seurat)
<
S 100 e C1
25 2
E‘ 10 o C2
w 1
-5 0 5 10 15 e C3
Component 1 100
B 10 ® C4
Runx2
1 © Out
100
10
1 -
0 25 50 75 100
Trajectory Pseudotime
e D Trajectory 2 Trajectory 1
—_— 2 T, <€———— RoOt =-------- > T
3
8 Cell cluster
g (Seurat) 2
g e cCt 3 @
o 2 1
e C2 © 3
S o
e C3 2
o
R
® C4 ~ ]
o
3 2
© Out 5] —
-3
©
o
5
<}
(0]
Pseudotime — == —_—
E Group 1 GO terms Fold enrichment Group 3 GO terms Fold enrichment
biomineral tissue development negative regulation of wound healing
. " izati positive regulation of cell-
regulation of bone mineralization substrate adhesion
osteoblast differentiation regulation of coagulation
bone development negative regulation of epithelial
cell proliferation
cartilage development positive re?lulati_on of endothelial
el ]
0 5 10 15 20 25 0 2 4 6 8 10 12

Group 2

cellular response to
cytokine stimulus

Figure 3.
JBM4_10496_Figure_3.tiff

This article is protected by copyright. All rights reserved.



A B wodues
11 021 014 045
MEred (5e-04) ©002) 0.02) 10
019 043
10 ,—l—’_l_‘ MEyellow (0.001) (le-13)
012
09 5 ;; é g £ MEgreenyellow 0.08)
° 3 8 o a 05
o H u; g < g ¢ MEpurple
: g 5 ] H MEblack G0
] i < (0.003)
o7 2 g MEgreen 25 Lo
3 % & g v% (1e-04)
g4 3 = i g MEbrown 0zt
s & s g (6e-04)
g 2
g MEblue = o5
Moddles MEIurquolse‘ 02 020 S48
MEred 10 (6e:05) (1e:05) (0.007)
MEr ta
MEyellow . magen I
" - -1.0
MEpink 02
MEgreenyellow L P (0.001)
Cluster 1 2 3 4
MEpurple
c Cluster 1 3 4
MEblack r
39 [T || Il \ I
MEgreen (5004) \ ‘ Il {
042 04
. ) “ \l u il n | I
: Jh g
041 06 064 3 g 0
MEturquoise ‘ ‘ (0004) . (900 (62.06) 2 2 o
MEmagenta H 'M
2
. 04 -0 04
|‘ i1 fi
s o R i oo W ‘” ‘H |\ i
Number of genes
D GO terms MEred GO terms MEyellow
ribosomal small subunit assembly protein exit from endoplasmic reticulum
cytoplasmic translation Golgi vesicle budding
negative regulation of ubiquitin protein ligase activity intra-Golgi vesicle-mediated transport
retrograde vesicle-mediated transport,
mitochondrial ATP synthesis coupled proton transport Golgi o endoplasmic reticulum
ribosomal large subunit assembly ic reticulum to Golgi vesicl diated transport
0 10 20 30 40 50 60 70 0 2 4 6 81012 14
Fold enrichment Fold enrichment
GO terms MEturquoise GO terms MEblue
regulation of protein localization to nucleus intraciliary transport
positive regulation of cell-substrate adhesion phosphatidylinositol metabolic process
Ras protein signal transduction vacuolar transport
nucleocytoplasmic transport tRNA metabolic process
positive regulation of intracellular protein transport endosomal transport
0 05 1 15 2 25
Fold enrichment Fold ennchmen(
GO terms MEbrown GO terms MEgreen
regulation of G2/M transition of mitotic cell cycle double-strand break repair via break-induced replication
positive regulation of cell cycle phase transition DNA strand elongation
DNA replication DNA replication
negative regulation of cell cycle process cellular protein-containing complex assembly
negative regulation of mitotic cell cycle cell cycle process
0 1 2 3 4 0 5 10 15 20 25 30
Fold enrichment Fold enrichment
GO terms MEblack
RNA processing
RNA processing
012345678

Figure 4.
JBM4_10496_FlIgure_4.tiff

This article is protected by copyright. All rights reserved.



	Single-cell RNA-sequencing reveals the breadth of osteoblast heterogeneity
	E-mail: yyuji@hiroshima-u.ac.jp
	DISCLOSURES
	The authors declare no conflicts of interest associated with this manuscript.
	MATERIALS AND METHODS
	Generation of Col1a1-Cre; R26R-Lyn-Venus reporter mice
	Immunohistochemistry
	To confirm the distribution of Venus+ cells, newborn calvariae were dissected away from surrounding tissue and fixed in 2% paraformaldehyde, 75 mM L-lysine, 10 mM sodium periodate in 0.1 M phosphate buffer, pH 7.4 at 4˚C for 2 h, demineralized in 10% ...
	Isolation of calvaria cells
	Cell cultures and cytochemistry
	Analyses of RNA-seq data
	Alignment of reads to UCSC Mus musculus transcriptome (mm10) and the calculations of read counts and fragments per kilobase of exon per million mapped fragments (FPKM) were done using the BaseSpace( RNA-seq Alignment v1.1.1 (http://basespace.illumina....
	RESULTS
	Venus+ cells
	Clustering analysis of gene expression profiles of single Venus+ osteoblasts
	ACKNOWLEDGEMENTS
	Figure S1. Characterization of Venus+ cells in Col1a1-Cre; R26R-Lyn-Venus mouse calvariae. (A) The relative abundance of Venus+ cells in each fraction. Data are shown as mean ± SD (n=3–7). (B) Representative macroscopic images of cells with ALP/von Ko...
	Figure S2. Characterization of gene expression profiles of single Venus+ osteoblasts. (A) Scatter plot showing the correlation between the averaged single cell expression values and the averaged bulk expression values (two technical replicates). (B) V...
	Figure S3. Heterogeneity of Venus+ osteoblasts in gene expression. (A) The overlap among the highly variable and differentially expressed genes across clusters 1–3. (B) The expression profiles of 100 representative genes as shown by heatmap.



