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Abstract
The bone marrow microenvironment contains heterogeneous stromal cells, which are critical for bone remodeling and pro-
vide essential supportive roles for hematopoietic functions. Although the diversity of PDGFRα+β+ mesenchymal stromal/
stem cells (MSCs) get consensus, the osteo-lineage cells (OLCs) that constitute the developmental trajectory of osteoblasts 
are largely remain unclear. Here, we construct a comprehensive atlas of stromal cell via performing integrative single cell 
analyses for 77 samples from 14 datasets. Besides previously defined Lepr+ BM-MSCs derived OLC1, we present a novel 
OLC2 with unique molecular signatures and differentiation pathway. Both OLC1 and OLC2 show significant polygenic 
association with bone mineral density (BMD), while extracellular matrix (ECM) proteins specifically expressed by OLC2 
are particularly decreased in bone tissue of aged mice. Notably, OLC1 and OLC2 are consistently reduced in aged mice, 
which might be induced by the decreased expression of several lineage drivers. Collectively, our study presents a thorough 
prospect of OLCs in the bone marrow microenvironment and highlights their important roles in age-related osteoporosis.
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Introduction

Bone undergoes constant remodeling through the orches-
trated actions of bone resorption and formation processes 
[1–5]. This dynamic remodeling cycle depends on the coor-
dinated activities of osteoclasts responsible for bone degra-
dation and osteoblasts responsible for bone matrix synthe-
sis [3, 6]. Osteoclasts derive from hematopoietic stem cells 
(HSCs), while osteoblasts differentiate from multipotent 
mesenchymal stem/stromal cells (MSCs), which possess 
the capacity to differentiate into bone, fat, and cartilage [7, 
8]. Dysregulated functions of osteoclasts and osteoblasts 
disrupt normal bone remodeling, contributing to metabolic 
bone disorders like osteoporosis in the aging population 
[9–11]. The pathogenesis of these conditions involves a 
complex interplay between genetic and environmental fac-
tors [12–14]. Genome-wide association studies (GWASs) 
have identified numerous loci associated with bone min-
eral density (BMD), highlighting the polygenic nature of 
the genetic risk for osteoporosis [14–16]. Notably, many 
prioritized genes implicated in BMD regulation, including 
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RUNX2, ALPL, DMP1, BMP4, and WNT4, exhibit signifi-
cant expression in osteoblasts and play crucial roles in their 
differentiation [15].

In the bone marrow microenvironment, MSC hetero-
geneity has been delineated through the expression profil-
ing of various marker genes, including platelet-derived 
growth factor receptor (Pdgrfa, Pdgfrb), leptin receptor 
(Lepr), nestin (Nes), NG2 (Cspg4), paired-related home-
obox protein 1 (Prrx1), gremlin 1 (Grem1), cathepsin K 
(Ctsk), zinc finger protein GLI1 (Gli1), fibroblast growth 
factor receptor 3 (Fgfr3), and somatostatin receptor type 
2 (Sstr2) [17–29]. Importantly, distinct subpopulations 
of PDGFRα+β+ MSCs show regional specialization and 
contribute to bone formation throughout distinct develop-
ment stages in both young and adult mice [27]. In adult 
mice, MSCs located in the bone marrow and periosteum 
exhibit distinguishable characteristics based on the vary-
ing expression levels of Lepr and Gli1 [30]. While Lepr-
expressing MSC (Lepr+ MSC) and the descendent osteo-
lineage cells (OLCs) have been consistently characterized, 
the identity of OLCs associated with other reported MSC 
populations remains elusive [31–33].

OLCs not only contribute to bone formation and archi-
tecture but also serve as crucial components of the bone 
marrow microenvironment, regulating hematopoietic home-
ostasis [26, 28, 34]. Dysfunctional OLCs have been linked to 
the development of metabolic bone diseases like osteopenia 
and hematopoietic disorders such as leukemia [28, 35, 36]. 
The differentiation of OLCs is orchestrated by Runt related 
transcription factor 2 (RUNX2) and a network of synergistic 
transcriptional regulators, including Maf, WW domain-con-
taining transcription regulator protein 1 (WWTR1), DNA 
binding protein SATB2, Retinoblastoma-associated protein 
(RB1), zinc finger protein GLI2, and homeobox protein 
DLX5, MSX-2, Nkx-3.2 [4]. However, the intricate gene 
regulatory network governing heterogeneous OLCs with 
diverse origins remains elusive [37, 38]. While the applica-
tion of single cell technologies such as mass cytometry and 
scRNA-seq has advanced our understanding in the heteroge-
neity of osteoblastic cell populations in adults, further efforts 
are required to unravel the differentiation trajectories of 
OLCs derived from distinct MSC populations [32, 39, 40].

In this study, we conducted an integrative analysis of 77 
scRNA-seq libraries from 14 datasets, focusing on the heter-
ogeneity of OLCs and their lineage relationships within the 
bone marrow microenvironment (Table S1). Through this 
analysis, we identified two distinct types of OLCs, namely 
OLC1 and OLC2, originating from distinct mesenchymal 
precursors. Transcriptomic profiling revealed that OLC1 and 
OLC2 exhibited unique molecular signatures and distinct 
gene regulatory networks. In addition, estimated polygenic 
disease association scores indicated significant associations 
of both OLC1 and OLC2 with the bone mineral density 

(BMD). Finally, we elucidated the differential impacts of 
OLC1 and OLC2 in aged mice, providing valuable insights 
into the pathogenesis of age-related osteoporosis.

Results

Single cell profiling of OLCs in adult murine bone 
marrow

The orchestration of osteoblast production is temporally 
and spatially regulated, leading to a transition from longi-
tudinal to appositional bone remodeling following adoles-
cence [41]. Recent lineage tracing studies have unveiled 
the essential roles of Lepr+ MSCs and Gli1+ MSCs in 
bone mass maintenance in adult mice [30]. To delineate 
osteolineages originating from these two distinct MSC 
populations at the single-cell level, we re-analyzed bone 
marrow stromal cells isolated from 3-month-old mice 
[42]. Initially, we assessed the expression of historically 
defined marker genes of MSCs across all stromal cell clus-
ters (Fig. S1A–E). Unlike other stromal cell types such as 
endothelial cells and pericytes, MSCs and OLCs showed 
specific expression of Pdgfra and Pdgfrb. Consistent with 
previous findings, one subset of MSCs demonstrated high 
expression of characteristic markers of adult bone marrow 
MSCs (BM-MSCs), including Lepr and Adipoq, while the 
other subset of MSCs exhibited significant expression of 
markers associated with periosteal MSCs (P-MSCs), such 
as Ctsk and Gli1 (Fig. S1D) [20, 24, 28, 30]. To investi-
gate the differentiation lineages of PDGFRα+β+Lepr+ BM-
MSCs and PDGFRα+β+Gli1+ P-MSCs in adult mice, we 
examined the expression profiles of osteoblastic markers 
(Runx2, Sp7, Alpl, Bglap), chondrocytic markers (Acan), 
and adipocytic markers (Adipoq) (Fig. S1F). Additionally, 
utilizing RNA velocity analysis, we elucidated the trajec-
tories of OLC1 and OLC2 derived from BM-MSCs and 
P-MSCs, respectively (Fig. S1G).

The expression of the metaphyseal SSC marker Sstr2 
was not prominently detected in stromal cells of adult 
mice, indicating apparent changes in the bone marrow 
microenvironment following adolescence [29]. Conse-
quently, we explored bone marrow stromal cells at postna-
tal day 7.5 (P7.5) (Fig. S2A). PDGFRα+β+ MSCs, includ-
ing Sstr2+ SSC, Lepr+Hey1+ bone marrow progenitor 
cells (BMPCs), Lepr+Adipoq+ reticular cells (RetiCs), 
and Ctsk+Thy1+ periosteal MSCs (P-MSCs) in P7.5 mice, 
exhibited distinct expression patterns compared to BM-
MSCs and P-MSCs in adult mice (Fig. S2B). Additionally, 
MSCs and osteolineages in mice at P7.5 showed signifi-
cant levels of proliferative activity, while both BM-MSCs 
and P-MSCs in adult mice were predominantly quiescent 
(Figs. S1E, S2C, D).
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The characterization of osteo-lineage cells (OLCs) 
within bone marrow microenvironment remains incom-
plete, potentially due to a lack of integrative analysis 
involving large sample sizes. To further address this gap, 
we collected a comprehensive dataset comprising 77 
scRNA-seq libraries from 14 published datasets. These 
datasets encompassed non-hematopoietic stromal cells 
from various skeletal tissues, including bone marrow, as 
well as Prrx1-marked potential stem cells from bone and 
related tissues such as iWAT (inguinal White Adipose Tis-
sue), dermis, and muscle (Fig. S3A, B, Table S1). Fol-
lowing quality control procedures, we identified a total 
of 181, 072 non-hematopoietic stromal cells from bone 
marrow, along with 43, 449 Prrx1+ cells from iWAT, der-
mis, and muscle (Fig. S3B). The specific characteriza-
tion of BM-MSCs, P-MSCs, and OLCs within the bone 
marrow revealed distinct molecular phenotypes com-
pared to Prrx1+ cells found in inguinal white adipose 
tissue (iWAT), dermis, and muscle (Figs. 1A–C, S3C–E, 
Table S2). Specifically, we identified 17, 137 OLC1 cells 
and 6, 835 OLC2 cells in bone marrow microenvironment 
of adult mice. Taken together, our findings delineate a dis-
tinct bone marrow microenvironment conducive to bone 
remodeling in adult mice and, notably, identify two poten-
tial types OLCs originating from distinct precursors and 
occupying different anatomical locations for the first time.

OLC1 and OLC2 play distinct roles in ossification

Despite sharing common roles in ossification, OLC1 and 
OLC2 exhibited differential expression of functional ossi-
fication-related genes, suggesting their potentially distinct 
and complex roles in bone formation (Fig. 1B). To gain 
deeper insights into the roles of these two types of OLCs, 
we employed a negative binomial general linear model to 
thoroughly identify their uniquely expressed gene signa-
tures. Our analysis revealed a total of 2, 430 significant 
genes that were differentially expressed between OLC1 
and OLC2, comprising 1, 882 OLC1-specific signatures 
and 548 OLC2-specific signatures (Fig. 1D, Table S3). 
Notably, OLC1 showed significant expression of 45 osteo-
blast differentiation related genes, such as Gdpd2, Satb2, 
Id4, and Wnt4, while OLC2 highly expressed 23 osteoblast 
differentiation related genes, such as Nppc, Ostn, Tnn, and 
Sfrp2. Among them, we found Id4 was markedly expressed 
in OLC1, and Tnn was exclusively expressed by OLC2 
(Fig. 1E). Furthermore, enrichment analysis showed that 
OLC1 exhibited significant activity in the cell cycle, while 
OLC2 played an essential role in extracellular matrix 
(ECM) organization (Fig.  1F). Subsequently, we per-
formed cell cycle analysis to assess G2M score and S score 
for individual cells within OLC1 and OLC2. Our results 
demonstrated limited proliferative activity in both OLC1 

and OLC2, with OLC1 showing a comparatively higher 
proportion of cells in the S and G2M phases (Fig. 1G). 
Given the essential role of the ECM in bone integrity and 
strength, with ECM proteins being expressed across vari-
ous stromal cell types in bone and marrow [43], we further 
investigated the roles of OLC1 and OLC2 in bone min-
eralization. Notably, ECM formation-related genes were 
found to be highly expressed in osteoblasts, chondrocytes, 
and OLC2 (Figs. 1H, S4A, B).

Overall, our analyses delineate the distinct signatures 
of OLC1 and OLC2, and provided further insights into 
potential functions of these two types of OLCs.

OLC1 and OLC2 originate from two distinct 
mesenchymal cells

To further explore their developmental trajectory, we 
employed partition-based graph abstraction (PAGA) and 
Pearson’s correlation to infer connectivity and construct 
lineage relationships (Fig.  2A, B). Our analyses sup-
ported that BM-MSCs were the progenitors of OLC1, and 
P-MSCs gave rise to OLC2. Additionally, the inferred 
PAGA structure revealed that both OLC1 and OLC2 
shared close ties with osteoblasts. Moreover, akin to 
osteoblasts, OLC1 and OLC2 showed high module scores 
indicative of osteoblast differentiation (Fig. 2C).

Moreover, we investigated the transcriptome dynamics 
at the single-cell level during the development of OLC1 
and OLC2. To capture their developmental dynamics 
accurately, we modeled gene expression along the inferred 
pseudotime using a negative binomial general linear 
model. For the differentiation of BM-MSCs, we identi-
fied 5, 694 dynamically expressed genes in the lineage 
of OLC1 and 2, 694 dynamically expressed genes in the 
adipocyte lineage (Fig. 2D). Distinct transcriptional pro-
grams governed the differentiation trajectories of OLC1 
and adipocyte, reflecting their distinct cellular functions 
during development (Fig. 2E). Specifically, genes related 
to RUNX2 expression and activity, such as Runx2 and 
Sp7, were dynamically expressed in the OLC1, lineage 
(Fig. 2D). Regarding the differentiation of P-MSC cell, 
we identified 1, 630 dynamically expressed genes in the 
OLC1 lineage and 2, 921 genes dynamically expressed in 
the chondrocyte lineage (Fig. 2F). Althrough the master 
transcription factor Runx2 was expressed at higher levels 
at the developmental terminal of chondrocytes, its down-
stream transcription factor Sp7 and osteocalcin Bglap were 
significantly expressed in the OLC2 lineage. This suggests 
that a distinct developmental program governs the lineage 
of OLC2, differing from that in the OLC1 lineage. Fur-
thermore, functional enrichment analyses revealed active 
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Fig. 1   Single cell analysis revealed distinct osteo-lineage cells 
(OLCs) in adult mice. A Stromal cells in bone and marrow, respec-
tively. B Expression landscape of these clusters. For each cluster, 500 
cells were sampled as representatives. Top six marker genes for each 
cluster were indicated at the right box. C Box plot showed the propor-
tion of stromal cells in bone and marrow, respectively. D Differen-
tially expressed genes between OLC1 and OLC2. Statistical p-values 
were adjusted via Bonferroni method. Genes involved in osteoblast 

differentiation were markers in blue (highly expressed by OLC1) and 
red (highly expressed by OLC2). The numbers of total signatures and 
osteoblast differentiation related signatures were indicated at left-bot-
tom and right-bottom for OLC1 and OCL2, respectively. E Boxplot 
showed the expression of Id4 and Tnn in OLC1 and OLC2. F Func-
tional enrichment analysis for signature genes of OLC1 and OLC2. G 
Proportion of OLC1 and OLC2 in different cell cycle phases. H Mod-
ule score of ECM formation related genes in stromal cells
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expression of ECM-related genes across the lineage of 
OLC2 (Fig. 2G).

Thus, our single cell analyses elucidated distinct devel-
opmental trajectories of OLC1 and OLC2, unveiling their 
specific transcriptome dynamics.

Gene regulatory networks in the OLC1 and OLC2

Prompted by the distinct molecular profiles of OLC1 and 
OLC2 lineages, we embarked on uncovering their regula-
tory networks of driver genes. Leveraging RNA velocity, 
we inferred the directional trajectories of BM-MSCs and 
P-MSCs differentiation, capturing the dynamics of cell states 
at single-cell resolution. Through this approach, we aimed to 

Fig. 2   Trajectory analysis indicated the differentiation lineages of 
OLC1 and OLC2. A PAGA plot of connectivity among clusters. B 
Pearson’s correlation among clusters. C Module scores of osteoblast 
differentiation, chondrocyte differentiation, and adipogenesis. Cor-
responding gene sets of osteoblast differentiation, chondrocyte dif-

ferentiation, and adipogenesis, were obtained from MSigDB. D Tran-
scriptome dynamics of the differentiation of BM-MSCs. E Functional 
enrichment of the differentiation of BM-MSCs. F Transcriptome 
dynamics of the differentiation of P-MSCs. G Functional enrichment 
of the differentiation of P-MSCs
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Fig. 3   The differentiation of OLC1 and OLC2 was governed by dif-
ferent transcription networks. A, C Correlation between the gene 
expression and absorption probabilities of OLC1 lineage (A) and 
OLC2 lineage (C). B, D Expression of potential driver genes in 

OLC1 lineage (B) and OLC2 lineage (D). E, G Activities of gene 
regulatory modules in OLC1 (E) and OLC2 (G). F, H Functional 
enrichment of gene regulatory modules in OLC1 (F) and OLC2 (H)
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identify putative lineage-specific drivers that governing cell 
fate transition during differentiation (Tables S4, 5). By cor-
relating gene expression with Markov chain-derived absorp-
tion probabilities within each lineage, we systematically 
uncovered the regulators potentially pivotal in the develop-
ment of OLC1 and OLC2 (Fig. 3A–D). As expected, the 
identified drivers in the OLC1 and OLC2 lineages exhibited 
distinction. Notably, the expression levels of key master tran-
scription factors governing osteoblast differentiation, includ-
ing Sp7, Mef2c, Creb3l1, and Satb2, displayed significant 
and positive correlation with OLC1 development (Fig. 3A, 
B). Conversely, the upregulated expression of specific tran-
scription factors, such as Twist1, Nfib, Prrx1, and Maf, was 
significantly associated with OLC2 development (Fig. 3C, 
D). Thus, our findings underscore the lineage-specific pro-
motion of OLC1 and OLC2 by distinct transcription factors.

To elucidate putative direct-binding targets of the poten-
tial driver transcription factors and delineate active regu-
latory modules governing OLC1 and OLC2 development, 
we employed SCENIC to link cis-regulatory sequences to 
single cell gene expression [44]. Through this approach, 
we inferred active regulons that likely regulate the devel-
opment OLC1 and OLC2. In the OLC1 lineage, seven 
regulatory modules were identified, driven by transcription 
factors Mef2c, Creb3l1, Dlx3, Klf4, Tbx2, Sp7, and Zfhx3 
(Fig. 3E). Notably, six of these regulons, including those of 
Sp7, Mef2c, Creb3l1, Dlx3, Tbx2, and Zfhx3, were directly 
involved in osteoblast differentiation and skeletal system 
development, while the Klf4 regulon was associated with 

the regulation of growth factors and cell differentiation 
(Fig. 3F). Conversely, in the OLC2 lineage, we identified 
16 regulons exhibiting high expression activity and robust 
trajectory correlation, encompassing Prrx2, Maf, Shox2, 
Jun, Tbx18, Mxd4, Dlx5, Creb3l1, Mafb, Dlx6, Xbp1, Tcf4, 
Nfia, Dbp, Runx1, and Nfix (Fig. 3G). Functional enrich-
ment analysis demonstrated that 13 of these regulons played 
pivotal roles in skeletal system development, osteoblast dif-
ferentiation, and ossification (Fig. 3H). Notably, our infer-
ence of single-cell regulatory networks provided further 
validation of the roles of driver transcription factors, as not 
all highly correlated transcription factors showed detectable 
regulon activities.

In summary, our investigation of the regulatory modules 
governing the lineage development of OCL1 and OLC2 
indicates the presence of distinct gene regulatory networks 
within each lineage.

Defining OLC1 and OLC2 by surface markers

Centered on genes encoding cell membrane proteins, we 
identified 143 differentially expressed genes in OLC1 or 
OLC2, exhibiting fold changes exceeding 1.5, indicating 
potential specificity to these cell lineages. Through scru-
tinizing the expression of these genes within each cluster 
and filtering out shared stromal cell genes, we identified 32 
candidates displaying elevated expression levels in OLC1 
or OLC2 (Fig. 4A). Notably, both OLC1 and OLC2 exhib-
ited high expression levels of Pdgfrb and Ncam1 (Fig. 4A, 

Fig. 4   Surface marker of OLC1 and OLC2. A Expression of can-
didate genes that encoded cell membrane proteins. B Expression 
of surface marker genes of OLC1 and OLC2 in stromal clusters. C 

Flow cytometry analysis of OLC1 and OLC2. D Relative percentage 
of OLC1 and OLC2 in bone marrow microenvironment of mice. E 
Expression of Bst2 in OLC from bone and marrow, respectively
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B). Additionally, the expression of Bst2 served as a distin-
guishing factor between OLC1 and OLC2 (Fig. 4A–C). 
Interestingly, Bst2+ OLC1 constituted approximately 75% 
of Lin−Pdgfrb+Ncam1+ OLCs in bone and marrow, while 
Bst2− OLC2 represented about 25% of Lin−Pdgfrb+Ncam1+ 
OLCs (Fig. 4D). Furthermore, the expression levels of Bst2 
in OLCs within bone and marrow displayed distinct distribu-
tions (Fig. 4E). These findings, consistent with scRNA-seq 
data, underscore the predominance of OLC1 in the marrow 
and OLC2 in bone.

OLC1 and OLC2 are associated with bone mineral 
density

Genome-wide association studies (GWAS) offer valuable 
insights into the genetic underpinnings of traits and diseases; 
however, the specific cell populations mediating the impacts 
of risk alleles remain largely unknown [45]. To evaluate 
the polygenic disease enrichment of OLC1 and OLC2, we 
employed single-cell disease relevance score (scDRS), inte-
grating scRNA-seq data with GWAS results. Using scDRS, 
we assessed cell-type-disease associations within the bone 
marrow microenvironment across 74 diseases/traits (Fig. 
S5A). Notably, among these conditions, bone mineral den-
sity (BMD) exhibited a significant association with OLC1, 
OLC2, and osteoblasts (Fig. 5A). Conversely, BM-MSC 
and P-MSC populations showed limited associations with 
BMD. Given the close relationship between bone miner-
alization and mature osteocytes, we hypothesized that late 
developmental stages of the osteo-lineage, rather than the 
early stages, would exhibit a stronger association with BMD. 
Indeed, osteoblasts demonstrated the highest relevance score 
to BMD (Fig. 5B). Correspondingly, both OLC1 and OLC2 
exhibited increasing BMD scores throughout their develop-
ment (Fig. 5C, D).

To elucidate the genes driving the association between 
osteo-lineage cells (OLC1 and OLC2) and bone mineral 
density (BMD), we explored the correlation between gene 
expression and BMD score. Notably, among the BMD-rele-
vant genes, 249 were differentially expressed OLC1, while 
119 exhibited differentially expression in OLC2 (Fig. 5E). 
This suggests distinct functional gene profiles between 
OLC1 and OLC2 in their contributions to BMD (Fig. 5F). 
The prioritized relevant genes in OLC1 were highly involved 
in skeletal development, such as Bmp1, Bmp3, Satb2, and 
Dmp1. Conversely, the BMD-relevant genes in OLC2 were 
closely associated with ECM organization, featuring genes 
such as Col1a1, Col1a2, Col5a1, Col5a2, Mmp2, and Lum. 
Functional enrichment analysis further revealed that 19 
OLC1-specific (Ddr2, Itgav, Col25a1, Mmp16, Tnc, Sdc3, 
Dmp1, Ibsp, Spp1, Furin, Adam12, Bmp1, Mmp13, Plod2, 
Adamts2, P4hb, Col22a1, Col11a2, Fbn2) and 34 OLC2-
specific (Col5a2, Fn1, Col6a3, Tgfb2, Col5a1, Cd44, Thbs1, 

Bmp2, Sdc4, Timp1, Ctsk, Col11a1, Col27a1, Col16a1, 
Col1a2, P4ha1, Col6a2, Col6a1, Dcn, Lum, Comp, Mmp2, 
Mmp14, Itga11, Col12a1, Sparc, Col1a1, Timp2, Sdc2, Lox, 
Ltbp3, Sh3pxd2a, Tnn, Col24a1) BMD-relevant genes were 
involved in ECM organization (Fig. 5F, G). Thus, our find-
ings underscore the pivotal roles of these lineage cells in 
maintaining BMD by influencing ECM organization.

Loss of OLCs contributes to age‑related osteoporosis

The association between OLCs and BMD, highlighted their 
potential involvement in age-related osteoporosis [10]. To 
investigate the impact of OLC1 and OLC2, we initially 
examined the gene expression profiles in bone and marrow 
between young and aged mice. Remarkably, ECM-related 
genes were dramatically down-regulated in the bone of aged 
mice, particularly notable were the decreases in OLC2-
specific ECM genes such as Lum, Tnn, Col11a1, and Fn1 
(Fig. 6A, B). In contrast, OLC1-specific ECM genes showed 
no significant changes in either bone or marrow (Fig. 6A, B).

Moreover, we assessed the expression levels of lineage 
driver genes for OLC1 and OLC2 in bone tissue obtained 
from young and aged mice. Remarkably, OCL1-associated 
drivers Sp7, Dlx3, and Creb3l1, as well as OLC2-associ-
ated drivers Prrx2, Shox2, Dlx5, Nfia, Dlx6, Tcf4, Mxd4, 
Cre3bl1, and Runx1, exhibited decreased expression in aged 
mice compared to their expression in young mice (Fig. 6C). 
This observation suggests the potential scenario wherein 
the reduced expression of these transcription factors in aged 
mice may impede the development of OLC1 and OLC2, 
consequently contributing to age-related osteoporosis.

This was consistently supported by immunohistochemis-
try (IHC) staining: Id4+ OLC1s were prominently distrib-
uted in endosteum, marrow, and trabecular bone of young 
mice; however, they were scarcely detected in these regions 
in aged mice. Similarly, Tnn+ OLC2s were predominantly 
located in the trabecular bone and periosteum of young 
mice, yet their presence was notably diminished in aged 
mice (Fig. 6D). To further validate the influence of OLC1 
and OLC2 in age-related osteoporosis, we profiled single 
cells from bone and marrow in both young and aged mice. 
Intriguingly, we observed a substantial decrease in OLC1 
and OLC2 populations in both bone and marrow of aged 
mice compared to young mice (Fig. 6E, F). These findings 
collectively suggest that the development of osteoblasts from 
OLC1 and OLC2 is dramatically suppressed in aged mice, 
consequently contributing to aged-related osteoporosis.

Collectively, our analyses indicate that aged mice exhibit 
impaired development of OLC1 and OLC2, attributable to 
the diminished expression of lineage-specific driver tran-
scription factors.
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Fig. 5   Polygenic enrichment of OLC1 and OLC2. A Association of 
BMD in the bone marrow microenvironment. B Statistical signifi-
cance of BMD association in each cluster. C, D BMD association in 
the OLC1 lineage (C) and the OLC2 lineage (D), cells were divided 
into ten bins according to their inferred pseudotime. Statistical analy-
sis was performed with Wilcox test, and significant levels were noted 
above each comparison, p-value: *, < 0.05, **, < 0.01, ***, < 0.001, 

****, < 0.0001. E Expression correlation of OLC1 and OLC2 signa-
ture genes with BMD association score, 249 OLC1 signatures with 
high correlation were indicated in blue, 119 OLC2 signatures with 
high correlation were indicated in red. F Functional enrichment of 
highly correlated signatures of OLC1 and OLC2. G Intersection of 
signature genes and ECM organization related genes
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Discussion

It is widely acknowledged that osteoblasts originate from 
various stem cell populations within the bone and marrow 
stromal compartment, yet the heterogeneity and transcrip-
tome dynamics of their corresponding osteo-lineages remain 
incompletely understood. In this study, we conducted an 
integrative analysis of published datasets to comprehen-
sively explore the bone marrow microenvironment at the 
single-cell level. We demonstrated the existence of two dis-
tinct OLCs, OLC1 and OLC2, characterized by their unique 
molecular signatures and polygenic enrichment patterns at 
the single-cell level. Furthermore, we elucidated their roles 
in age-related osteoporosis. Specifically, OLC1 exhibited 
high expression levels of Spp1 and Id4, while OLC2 spe-
cifically expressed Tnn and Ostn. Surface protein markers 
such as Pdgfrb, Ncam1, and Bst2 were found to distinguish 
between these two cell types. Unlike OLC1 and its precursor 
Lepr+ BM-MSCs, which were predominantly enriched in the 
bone marrow and trabecular bone, OLC2, characterized by 
the expression of Tnn and Ostn, predominantly resided in 
the bone periosteum. Despite their distinct characteristics, 
both OLC1 and OLC2 were closely associated with BMD 
and exhibited significant alterations in aged mice. These 
findings offer valuable insights into the dynamic process of 
bone remodeling, identifying potential cell targets for treat-
ment of metabolic bone disorders, particularly age-related 
osteoporosis.

Through our integrative analysis, we have delineated two 
types of OLCs. OLC1, previously recognized as originat-
ing from BM-MSCs, and the newly identified OLC2, char-
acterized by unique signatures derived from P-MSCs [32, 
33]. While BM-MSCs primarily reside in the bone marrow 
perivascular niche, OLC1 is consistently found within the 
bone marrow and along the endosteal surface. In contrast, 
OLC2, expressing Ostn and resembling periosteal osteoblas-
tic cells as previously characterized [46], occupies a distinct 
niche in the bone periosteum, setting it apart from OLC1 and 
another chondrogenic-origin OLC subset [32]. These two 
OLC types exhibit differentially expressed transcriptome, 

indicative of their specialized roles in ossification and bone 
mineralization. Notably, OLC2 emerges as a key contribu-
tor to ECM formation within the bone marrow microenvi-
ronment. Comparative analysis reveals significantly higher 
expression levels of numerous ECM proteins in OLC2 com-
pared to OLC1. Specifically, genes encoding collagen sub-
types (Col3a1, Col5a1, Col6a1, Col6a2, Col6a3, Col7a1, 
Col8a2. Col12a1), the microfibril-associated glycoprotein 
encoding gene Emilin3, lumican encoding gene Lum, and 
tenascin-N encoding gene Tnn are uniquely expressed in 
OLC2, while Col8a1, Col25a1, Fbn2, and Tnc are specifi-
cally expressed in OLC1. Our comprehensive analyses thus 
provide compelling evidence of the heterogeneity of OLCs 
within the bone marrow microenvironment.

As extensively described in previous literatures and recent 
single cell studies, osteoblasts arise from the osteogenic dif-
ferentiation of various MSC populations and through the 
chondrocyte-to-osteoblast transition within the endochondral 
pathway [20, 25, 32, 47]. However, significant gaps remain 
regarding whether distinct osteo-lineage cells (OLCs) origi-
nate from different MSC populations and the transcriptional 
programs governing their differentiation processes. Elucidat-
ing the lineage trajectories of OLC1 and OLC2 at the single-
cell level could offer critical insights into understanding the 
differentiation pathways of diverse MSCs. Our analysis of 
the transcriptome dynamics of OLC1 and OLC2 reveals both 
similarities and notable differences. Specifically, we observe 
that regulatory networks involving Mef2c, Creb3l1, Klf4, 
Dlx3, Tbx2, Sp7, and Zfhx3 are prominently active in OLC1, 
while regulatory networks featuring Prrx2, Maf, Shox2, Jun, 
Tbx18, Mxd4, Dlx5, and Creb3l1 are significantly expressed 
in OLC2. Importantly, it is evident that the differentiation 
trajectory of OLC2 diverges distinctly from the chondrocyte-
to-osteoblast transition pathway. This is evidenced by the 
differential expression patterns of key markers: while Alpl 
and Runx2 are highly expressed in hypertrophic chondro-
cytes during endochondral ossification, Spp1 and Sp7 are 
markedly required for OLC2 differentiation.

In conjunction with osteoblasts, both OLC1 and OCL2 
exhibit pronounced relevance to BMD, a crucial predictor 
for osteoporosis. In addition to genes associated with osteo-
blast differentiation, OLC1 and OLC2 express a multitude 
of genes encoding ECM proteins, which play pivotal roles 
in BMD regulation. Notably, OLC2 demonstrates a height-
ened expression of 34 ECM organization-related genes sig-
nificantly implicated in BMD, including Col5a1, Col5a2, 
Col6a1, Col7a1, and Lum. Thus, our findings offer compel-
ling evidence regarding the involvement of OLC1 and OCL2 
in ECM organization during bone mineralization. In aged 
mice, there is a noteworthy reduction in the expression levels 
of ECM protein-encoding genes specific to OLC2 within 
bone tissues, while genes related to ECM in OLC1 exhibit 
relatively unchanged expression profiles. This observation 

Fig. 6   Loss of OLC1 and OLC2 in aged mice. A Volcano plots of dif-
ferentially expressed genes in bone and marrow in aged mice, com-
paring with that in young mice. Statistical analysis was performed 
using quasi-likelihood negative binomial generalized log-linear 
model. B Expression of OLC1 and OLC2 specific ECM organization 
related genes in bone and marrow of young and aged mice. C Dif-
ferential expression of OLC1 drivers and OLC2 drivers in bone and 
marrow of aged mice, comparing with that in young mice. D IHC 
staining of OLC1 signature Id4 and OLC2 signature Tnn in limb 
bone from 3  months old mice and 18  months old mice. Scale bar, 
zoom out: 100  μm, zoom in: 50  μm. E Single cell profiling of lin-
eage depleted cells in bone and marrow of 2  months old mice and 
24 months old mice. F Proportion of each cluster in single cell sam-
ples

◂
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suggests that OLC2 may play a particularly crucial role in 
age-related osteoporosis, highlighting the significance of 
OLC2 in the pathogenesis of metabolic bone disorders. 
Overall, the identification of OLC2 as a novel osteo-line-
age cell type provides novel insights into the mechanisms 
underlying age-related bone diseases, thereby enriching our 
understanding of bone metabolism and offering potential 
avenues for therapeutic intervention.

At various life stages, osteogenesis relies on distinct 
osteo-lineages originating from different MSCs under both 
physiological homeostasis and bone regeneration scenarios 
[20]. Despite recent advancements shedding light on the 
considerable heterogeneity within MSC populations [25, 30, 
39], our study identifies only two distinct types of osteo-
lineages. While single-cell techniques offer unprecedented 
resolution for exploring the bone marrow microenvironment, 
they may overlook rare MSCs and osteo-lineage cells local-
ized in specific anatomical niches [30, 32]. Consequently, it 
remains unclear whether additional OLCs contribute bone 
homeostasis in adult. Thus, future investigations should 
employ spatial and temporal approaches to comprehen-
sively identify MSCs and OLCs. Nevertheless, our findings 
underscore the predominant roles played by these two osteo-
lineages in adult bone formation. Furthermore, their specific 
involvement in age-related osteoporosis suggests potential 
therapeutic avenues targeting their development and the syn-
thesis of ECM proteins.

Materials and methods

Single‑cell data sets

We investigated the single cell studies of bone marrow in 
mice, which profiled stromal cells at the bone marrow micro-
environment. To avoid potential unhandled exception and 
challenging, we only collected 10X Chromium platform 
generated datasets, and only samples with raw sequencing 
FASTQ data or processed BAM filles were used for sub-
sequent processing. In total, we analyzed 77 samples with 
age ranging from 3-week-old to 16-month-old in 14 datasets 
(Table S1).

Data preprocessing and quality control

All samples were processed with Cell Ranger (v5.0.1) to 
align sequencing reads in FASTQ files to reference genome 
mm10 and generate feature-barcode matrices [48]. For sam-
ples with BAM files available, the BAM files were firstly 
converted into FASTQ files with bamtofastq (v1.2.0).

Initially, cells in raw feature-barcode matrices were 
accepted for un-supervised clustering analysis with Seurat 
pipeline [49]. In detail, there were five steps: (1) Top 3, 000 

variable features were selected using variance-stabilizing 
transformation (vst) method; (2) The variable features were 
scaled and centered; (3) A PCA dimensionality reduction 
was then performed with the scaled variable features, and top 
50 PCs were computed and stored for subsequential usage; 
(4) Top 30 PCs were employed to compute nearest-neighbor 
graph; (5) Clustering was performed with the shared near-
est neighbor (SNN) modularity optimization using resolu-
tion of 2 to determine larger number of cell clusters. For 
filtering, clusters with mean/median UMI counts larger 
than 600 and mean/median detected features larger than 
400 were regarded as quality-passing clusters and kept for 
further analysis. Remaining cells in the kept clusters were 
re-clustered using Seurat pipeline. Finally, clusters annotated 
as non-hematopoietic stromal cells based on their expressed 
features were used for down-streaming analysis.

Cell type annotation of clusters

Using unsupervised clustering, cells were firstly grouped 
into 69 clusters. Based on the expression of certain marker 
genes, these clusters were then merged into 10 cell types, 
including P-MSC (Dcn), BM-MSC (Lepr), OLC1 (Runx2, 
Alpl, Spp1), OLC2 (Runx2, Alpl1, Postn), Osteoblast 
(Bglap), Chondrocyte (Sox9, Col9a1, Acan), Endothelial 
(Pecam1, Cdh5), Pericyte (Acta2, Myh11), Myosatellite 
(Chodl, Meg3), Schwann cell (Plp1, Mbp).

Differential analysis for scRNA‑seq

Generally, Wilcoxon Rank Sum test was performed to 
obtain marker genes in each cluster. To identify signatures 
for OLC1 and OLC2, we applied a negative binomial gen-
eral linear model (GLM) to the transcriptome of OLC1 and 
OLC2 for each sample. The statistical p-value was adjusted 
using Bonferroni method.

Gene set functional enrichment analysis

Our target gene set was subjected to comprehensive func-
tional enrichment analysis using Metascape, and the results 
were retrieved for local analyses [50]. Gene sets associated 
with specific Gene Ontology (GO) terms and functional 
categories, such as those involved in ECM organization, 
osteoblast differentiation, chondrocyte differentiation, and 
adipogenesis, were obtained from the molecular signature 
database (MSigDB). Subsequently, the average expression 
of each gene set was aggregated at the single-cell level [51].
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Cell cycle analysis of scRNA‑seq

To capture cell cycle phase at single cell resolution, we cal-
culated module scores for features associated with S phase 
and G2M phase, respectively. Based on the inferred S score 
and G2M score, cells were divided into three phases: cells 
with G2M score higher than 0.1 but lower than S score were 
regarded as G2M phase, cells with S score higher than 0.1 
but lower than G2M score were regarded as S phase, and 
cells with G2M score and S score both lower than 0.1 were 
taken as G1 phase.

Correlation analysis

To explore transcriptome similarity of the clusters in the 
bone marrow microenvironment, we firstly applied partition-
based graph abstraction (PAGA) maps to estimate connectiv-
ity among clusters [52, 53]. Next, we normalized averaged 
gene expression for each cluster and performed Pearson’s 
correlation analysis with genes expressed larger than 10 
counts per million in any clusters.

Trajectory analysis

To identify trajectories of BM-MSCs and P-MSCs, we 
adopted slingshot (v2.5.2) to infer the potential cell line-
ages and corresponding pseudotime at single cell level [54]. 
To avoid potential noises due to cell cycle stages, we only 
included cells regarded as G1 phase for trajectory analysis. 
To identify transcriptome dynamics during the development 
of each lineage, we divided the pseudotime into ten bins, 
and performed GLM analysis. The significantly differen-
tially expressed genes in each pseudotime bin were gathered 
together and were taken as dynamically expressed genes for 
the lineage.

RNA velocity analysis

By distinguishing captured mRNA molecules into spliced 
mRNA and unspliced mRNA with velocyto, we could esti-
mate RNA velocity to provide cellular dynamics of devel-
opmental lineages [55]. Therefore, we applied scVelo to 
reconstruct the differentiation pathways [56]. Further, puta-
tive driver genes were inferred via correlating their expres-
sion against the fate absorption probability [57].

Single cell regulatory network inference

To explore the regulatory network at single cell resolution, 
we linked cis-regulatory sequences to the gene expression 
in individual cell with SCENIC [44]. In brief, co-expression 
modules of genes and TFs were firstly examined, targeted 
motif analysis was then performed to validate significant 

motif with correct upstream cis-regulators, and the regu-
lons were finally identified according to their activities in 
individual cells.

Polygenic disease enrichment

To understand the disease association of individual cells, 
we applied scDRS to evaluate disease relevant scores for 74 
diseases/traits with pre-constructed gene sets from genome 
wide association studies (GWASs) [45]. Next, we performed 
cell-type level analyses to determine statistical significance 
of disease association for each defined cell type, and con-
ducted gene-level analyses to prioritize disease-relevant 
genes from expression matrices.

RNA‑seq dataset

To explore transcriptome alteration for bone and marrow tis-
sues in young and aged mice, we re-investigated bulk RNA-
seq data from Tabula Muris Senis [58]. Raw counts of gene 
expression data of bone and marrow tissues in 3 months old 
young mice and 24 months old aged mice were collected for 
differential analysis with edgeR using quasi-likelihood nega-
tive binomial generalized log-linear model [59].

Mice

Young adult [3-month-old] and aged (24-month-old) 
C57BL/6 male mice were used in this study. All animal 
protocols were approved by the Institutional Animal Care 
and Use Committees of the Southern University of Science 
and Technology.

Cell isolation

Tibia and femur of mice were isolated, marrow was flushed 
out from the bone with PBS at 4 °C, while bone was digested 
with type II collagenase (2 mg/ml) and type IV collagenase 
(2 mg/ml) at 37 °C for 1 h. The cells harvested after diges-
tion were successively filtered through 40-µm cell strainers 
(BD Biosciences). Lysis buffer (cat. no. C3702, Beyotime) 
was used for removal of red blood cells.

scRNA‑seq of stromal cells in bone and marrow

After removal of hematopoietic cells using the lineage cell 
depletion kit (cat. no. 130-090-858; Miltenyi), we profiled 
stromal cells in bone and marrow from 2 months old young 
mice and 24 months old aged mice for scRNA-seq based 
on10X Genomics Chromium Single Cell 3’ protocol [42].
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Flow cytometry

Hematopoietic cells were excluded with the lineage cell 
depletion kit (Cat. No. 130-090-858; Miltenyi). Single cell 
suspension was blocked with 2% Fc Receptor block (eBio-
science) in PBS for 15 min on ice, and stained with the fol-
lowing antibodies under the concentration of 1.0 µg in 100 µl 
volume: CD140b-APC (PDGFRb; Cat. No. 136007; Biole-
gend), CD56-BV605 (Ncam1; Cat. No. 748097; BD Bio-
sciences), CD317-FITC (Bst2, Cat. No. 127007; Biolegend). 
Flow cytometry analysis was performed with a FACSAria 
instrument (BD Biosciences), and FACS data was analyzed 
with Flowjo (v10.8.1).

Immunohistochemistry (IHC)

IHC was performed as previously reported [60]. In brief, 
five-micrometer-thick sections from formalin-fixed and 
paraffin-embedded tissues were incubated with primary 
antibodies at 4 °C overnight, followed by incubation with 
secondary antibodies. Chromogen development was deter-
mined by DAB Kit (Vectorlabs, SK-4100). A Multifunc-
tional digital pathology scanner (Aperio VERSA 8) was 
used to scan the total area of each slide.

Statistical analysis

Wilcoxon Rank Sum test was used for differential analyses 
for scRNA-seq. And all gene-level p-values were adjusted 
with Bonferroni method.
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