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ABSTRACT
Currently, the cell of origin for osteosarcoma or other primary skeletal tumors is largely unknown. Recent reports identifying specific
cell types comprising bone now newly enable investigation of this topic. Specifically, CXC motif chemokine 12 (CXCL12)-abundant
reticular (CAR) cells are a specific skeletal stromal cell type that orchestrate the bone marrow microenvironment through cross-talk
with hematopoietic and endothelial cells and a likely candidate cell of origin for at least a subset of primary skeletal tumors. Here,
we analyze osteosarcomas via immunohistochemistry for known markers of CAR cells such as leptin receptor (LEPR), B-cell factor
3 (EBF3), CXCL12, and platelet-derived growth factor receptor alpha (PDGFRA). A large proportion of high-grade tumors expressed
LEPR, PDGFRA, and EBF3 but not CXCL12. These data raise the hypothesis that CAR cells are the cell of origin of this osteoblastic oste-
osarcoma subset, a finding with implications for the cellular oncogenesis of primary osteosarcoma and the development of effective
targeted therapies. © 2021 The Authors. JBMR Plus published by Wiley Periodicals LLC on behalf of American Society for Bone and
Mineral Research.
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1. Introduction

Osteosarcoma accounts for approximately 1% of all cancer
cases in the United States, making it the most common

primary malignant bone tumor.(1,2) Survival for patients with
recurrent and metastatic osteosarcoma has not changed over
the past 30 years with a low 5-year survival rate of approxi-
mately 20%.(3,4) Although precision medicine–targeted agents
and immunotherapies have aided in the treatment of other
cancers, the standard of care for osteosarcoma is still limited
to combination chemotherapy and surgical resection,
approaches that date back to the 1980s.(4,5) Identifying the lin-
eage of cells responsible for osteosarcomas will be a critical
step toward elucidating the mechanism of oncogenesis and
developing effective, targeted therapies that are based on this
underlying biology.

The human skeleton serves to protect vital organs throughout
the body while serving an equally important role for hematopoi-
esis and mineral storage. Skeletal stem cells are responsible for
differentiating into osteoblasts, adipocytes, and chondrocytes
and are largely sufficient to recruit and organize the other cell
types participating in the bone microenvironment.(6,7) Recent

work identifies that skeletal stem cells and progenitors are not
a monolithic group but rather include several distinct cell types,
each of which have different signature locations, functions, and
transcriptional profiles.(8–10) These discrete sets of skeletal pro-
genitors include CXC chemokine ligand (CXCL)12-abundant
reticular (CAR) cells. CAR cells are specialized, long-lived skeletal
cells that regulate the bone marrow hematopoietic niche
through the expression of cytokines and growth factors. CAR
cells are defined by their expression of leptin receptor (LEPR),
Cxcl12, and early B-cell factor 3 (EBF3).(11,12) PDGFRA is expressed
by CAR cells but also other populations as well.(13) In addition to
orchestrating the bone marrow niche, these cells have the
capacity to move from a largely quiescent basal state to differen-
tiate into osteoblasts, especially in response to skeletal
injury.(9,10) The signature cytokine of CAR cells is CXCL12, which
binds CXCR4 and activates signaling cascades involved in cell
proliferation, migration, and secretion.(14) This CXCL12/CXCR4
axis directs leukocyte trafficking and hematopoietic homeosta-
sis. Osteosarcomas downregulate CXCL12, compromising leuko-
cyte trafficking and allowing for tumor growth and
metastasis.(15) Accordingly, strong expression of CXCL12 in oste-
osarcoma is associated with favorable prognosis.(16)
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In this study, we sought to generate insight into whether cel-
lular subsets of primary skeletal osteosarcoma express markers
of skeletal stem or progenitor populations by staining a panel
of tumors via immunohistochemistry for the defining markers
of selected skeletal stem and progenitor lineages.

2. Materials and Methods

2.1 Case identification and selection

This study was approved by the Institutional Review Board of
Memorial Sloan-Kettering (MSKCC) and done in accordance with
the U.S. Common Rule. A total of 16 osteosarcoma samples were
taken from patients treated at MSKCC between 2000 and 2020.
Diagnosis of osteosarcoma was confirmed by sarcoma patholo-
gists, with the total set of specimens including nine high-grade
osteosarcomas and seven low-grade parosteal osteosarcoma.
Non-cancerous bone from a clavicle fracture was utilized as a
control for all stains and analyses.

2.2 Immunohistochemical staining

Human osteosarcoma samples were fixed in 10% neutral-
buffered formalin. Samples were processed via routine decalcifi-
cation. Sectioning and staining (hematoxylin and eosin, LEPR,
EBF3, CXCL12, PDGFRA) were performed by the Center for Trans-
lational Pathology at Weill Cornell using a previously published
methodology.(17) Commercially available antibodies were used
for immunohistochemical (IHC) analysis: LEPR (ab104403,
Abcam, Cambridge, MA, USA), PDGFRA (ab203491, Abcam),
EBF3 (ab207705, Abcam), CXCL12 (sc-74271, Santa Cruz, Dallas,
TX, USA). Slides were analyzed using light microscopy and were
graded using a negative (�), positive (+/++), strongly positive
(+++) system.

2.3 Statistical analysis

Mann–Whitney test was conducted to compare high-grade and
low-grade osteosarcomas following semiquantitative scoring
for IHC signal intensity. Statistical analysis was performed using
GraphPad Prism 8 (GraphPad Software, La Jolla, CA, USA).

3. Results

Fifteen cases of primary osteosarcoma were analyzed for estab-
lished markers associated with CAR cells (LEPR, EBF3, CXCL12,
PDGFRA) and subdivided into low-grade parosteal (7/16) or
high-grade intramedullary (9/16) tumors (Fig. 1, Table 1).

Immunohistochemistry for LEPR revealed a high propensity
(8/9) for high-grade osteosarcomas to be LEPR+, whereas low-
grade tumors displayed a lower rate of LEPR positivity (2/7)
(p = 0.01; Fig. 2A–C) with signal predominantly and most
intensely in tumor fibroblasts. EBF3 and LEPR followed the same
expression pattern across low- and high-grade tumors with
nearly all LEPR+ osteosarcomas (6/8) also expressing EBF3. Over-
all, 6/9 high-grade and 2/7 low-grade tumors were EBF3+
(p= 0.22; Fig. 2D, E). Expression of this set of CAR cell–associated
markers appeared to largely co-occur, as LEPR, PDGFRA, and
EBF3 showed a high degree of co-occurrence in every LEPR-
positive case except one displaying only co-occurrence of EBF3.

Interestingly, CXCL12 expression was not detected via IHC in
any high-grade osteosarcomas but was appreciated in 2/5 low-
grade tumors (p = 0.18; Fig. 3A). There was not sufficient tissue

quantity to assess CXCL12 expression in three high-grade and
two low-grade osteosarcoma tumors. CXCL12 staining of clavicle
fractures showed a homogenous distribution of CXCL12 con-
fined to the bone marrow stroma (Fig. 3B). PDGFRA IHC, on the
other hand, revealed robust staining in 6/9 high-grade and 2/7
low-grade tumors with 4/6 tumors expressing both PDGFRA
and LEPR (p = 0.15; Fig. 4A, B). PDGFRA clavicle fracture staining
highlighted diffusely positive signal from stromal cells adjacent
to bonematrix (Fig. 4C). Every PDGFRA-positive specimen except
one low-grade example also concurrently expressed LEPR.

4. Discussion

A critical step in improving the understanding of osteosarcoma
lies in identifying the cell of origin for these tumors. Here, the
hematopoietic system serves as a well-established template,
where expression of well-established lineage-defining markers
provides a cell of origin–based classification system for leuke-
mias and lymphomas. CXCL12-abundant reticular (CAR) cells
have been characterized as a quiescent population of perivascu-
lar stromal cells that first emerge sometime during adolescence
and contribute to adult bone formation. Either in response to
injury or aging, these cells differentiate into osteoblasts or adipo-
cytes.(9,12) CAR cells have also been identified in human long
bones and were found to have high expression of CXCL12, LEPR,
and EBF3.

In this study, we show the abundant expression of the CAR
cell–associated surface marker LEPR, and the characteristic tran-
scription factor associated with CAR cells, EBF3, in a subset of
human osteosarcoma samples. The expression of these markers
raises the possibility of a CAR cell lineage origin for these
tumors;(12) however, important limitations must be acknowl-
edged. Observational immunohistochemistry is unable to assign
lineage status, and many tumors display an aberrant gain of
expression in the markers not present in the physiologic cell of
origin. Thus, it is also possible that the marker expression
observed here instead reflects aberrant induction of a CAR cell-
like gene expression program in a non-CAR cell lineage skeletal
cell. This latter possibility would also be potentially important
as convergent induction of such a gene expression program
across tumors may indicate a selective advantage conferred by
this gene expression program.

Genetic studies using inducible and conditional knockout
alleles in mice provide evidence both that EBF3 is a defining
marker for CAR cells and that EBF3 is required for CAR cell func-
tion.(12,18) LEPR has not yet been described as a marker of osteo-
sarcoma despite a growing body of literature showing the
importance of these cells in human and murine bone.(19,20)

Although this study solely focuses on immunohistochemistry of
these tumors, the persistence of these lineage-defining markers
in a subset of osteosarcoma suggests that this subset of osteo-
sarcoma may be derived from transformation of CAR cells. This
suggests that sorting premalignant CAR cells, especially in
patients with an increased risk of osteosarcoma, will be impor-
tant to identify molecular, cytologic, or histologic CAR cell pre-
cursor lesions and therefore provide further evidence
regarding the cell of origin for these tumors.

Notably, CXCL12 expression did not here track together with
the expression of the other CAR cell–associated markers LEPR
and EBF3. Likewise, while a subset of osteosarcoma here
expresses CAR cell–associated markers, they have lost many
other features of CAR cells, such as their typical reticular
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morphology and pattern of distribution throughout the marrow.
These alterations in cellular morphology and distribution may
reflect transformation induced changes and emphasize that
while these tumors express some CAR cell–associated markers,
they lack many CAR cell defining features.

The etiology for CXCL12 expression not tracking with the
expression of other CAR cell–associated markers is unclear, but
literature in other tumor types suggests that loss of CXCL12
may confer a selective advantage. Aoki and colleagues found
that CAR cells from patients with high leukemic burden
expressed reduced levels of CXCL12 relative to patients with
low leukemic burden.(11) It has also been suggested that the
CXCL12/CXCR4 axis serves a key role in the progression and
metastasis of osteosarcomas and other cancers.(21–23) Primary
osteosarcoma tumors have also been shown to downregulate
CXCL12 expression through an epigenetic mechanism to escape
the bone and metastasize to other tissues.(15) This emphasizes

that evaluation of a broader signature of CAR cell–associated
markers beyond staining for CXCL12 itself is necessary for the
immunophenotyping of human primary skeletal tumors. The
findings here also raise the issue that future studies on the prog-
nostic significance of CXCL12 expression in osteosarcoma may
need to deconvolute the possibility that CXCL12 may be associ-
ated with a distinct subset of disease derived from CAR cells from
the impact of varying levels of CXCL12 expression. It will be
important in future extensions of this work to evaluate whether
these markers are retained in metastases.

The anatomic localization of these discrete skeletal stem and
progenitor cell populations is critical to their function and can
serve as a framework for analyzing osteosarcoma subsets. Our
data show that low-grade parosteal tumors were mostly CXCL12
negative, supporting the understanding that CAR cells reside in
the perivascular niche of central marrow compartment.
Although a small subset of LEPR cells have been reported to be

Fig. 1. Representative images of primary osteosarcoma (OS). Hematoxylin and eosin from (A) high-grade OS and (B) low-grade OS. Images are represen-
tative of 8 high-grade and 7 low-grade tumors.

Table 1. Osteosarcoma Expression Summary for LEPR, PDGFRA, CXCL12, and EBF3

Chemo Site LEPR PDGFRA CXCL12 EBF3

OS-MG 1 High-grade Yes 13 – – QNS –
OS-MG 2 No Humerus ++ +++ QNS +
OS-MG 3 No Femur + ++ QNS +
OS-MG 6 Yes Humerus + – – +
OS-MG 7 Yes Femur + + – +
OS-MG 10 No Femur + – – –
OS-MG 17 Yes Femur ++ – – +
OS-MG 16 Yes Clavicle ++ ++ – ++
OS-MG 18 Yes Tibia + ++ – –
OS-MG 11 Low-grade No Femur – – – –
OS-MG 12 No Femur + – – ++
OS-MG 13 No Femur + – ++ +++
OS-MG 14 No Humerus – + + –
OS-MG 15 No Femur – – – –
OS-MG 4 No Humerus – + QNS –
OS-MG 5 No Femur – – QNS –

QNS = quantity not sufficient to conduct the indicated stain.
Displayed are the results of semiquantitative scoring (–, +, ++, or +++, depending on signal intensity) for staining of the indicated protein markers

across the indicated cases (LEPR p = 0.01; PDGFRA p = 0.15; CXCL12 p = 0.18; EBF3 p = 0.22).
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periosteal stem/progenitor cells in the outer layer of the perios-
teum, the general lack of LEPR expression in low-grade parosteal
tumors suggests that theremay be another periosteal progenitor
population driving oncogenesis.(24) However, as an important
limitation of the specimen cohort studied here, low tumor grade
and periosteal anatomic location co-occurred, making it not pos-
sible to disentangle the effects of these parameters on the rate of
positivity for CAR cell–associated markers.

Improvement in prognosis and development of new treat-
ments for osteosarcoma have plateaued over the past 30 years.
A previous study showed that conditional deletion of PDGFRA
in LEPR+ stromal cell cells and treatment with imatinib in a
murine model of primary myelofibrosis suppressed LEPR+ cell
expansion and ameliorated bone marrow fibrosis.(25) Our data
add to literature showing that PDGFRA is coexpressed on LEPR
cells and suggests that targeting PDGFRA may be of particular

interest in this subset of disease.(10,26) Additionally, a previous
study identified a PDGFRA-amplified subset of osteosarcoma,
raising the possibility that markers such as LEPR or EBF3 will have
utility in identifying the PDGFRA-amplified subset of osteosar-
coma for therapeutic targeting.(25) Pharmacologic targeting of
the LEPR pathway is also a potentially attractive therapeutic
strategy for this subset of osteosarcoma.(27)

Perhaps most importantly, these findings suggest that a
broader cell of origin–based nosology for primary skeletal
tumors is possible and that other skeletal progenitor popula-
tions, including cathepsin K (CTSK)-lineage periosteal stem cells
and parathyroid hormone-related protein (PTHrP)-positive
growth plate resident stem cells, may each have characteristic
associated neoplasms.(8,9) Both further elucidation of the
markers of these subsets of skeletal stem cells and application
of these markers to human primary skeletal tumor specimens

Fig. 2. A subset of osteosarcoma (OS) expresses LEPR and EBF3. Immunohistochemical (IHC) staining was performed for LEPR and EBF3. Displayed are
representative images of LEPR IHC in (A) high-grade OS, (B) positive low-grade OS, (C) negative low-grade, and (D) a clavicle fragment control. Represen-
tative images of EBF3 IHC in (E) high-grade OS, (F) positive low-grade OS, (G) negative low-grade OS, and (H) a clavicle fragment control.

Fig. 3. Modest CXCL12 immunohistochemical staining in OS. Two of five (A) low-grade OS specimens displayed CXCL12 staining. Also displayed is a rep-
resentative image of positive staining of native stromal CXCL12-positive CAR cells in a (B) control clavicle fragment sample. Zero of six high-grade OS spec-
imens displayed CXCL12 staining.
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will be needed to extend the results here to identify neoplastic
counterparts for other skeletal cell types. In addition to enabling
further clinical study of this LEPR+ subset of osteosarcoma, it
should be noted that each of these cell types, including LEPR+
cells, have one or more cre lines that allow for conditionally tar-
geting these cells in a murine preclinical model. Knowledge of
the specific cell of origin for these tumors would enable the
development of novel preclinical models targeted to each of
these specific lineages, thereby allowing for investigation of
the differences in oncogenesis and therapeutic response as
driven by the biology of these distinct lineages.
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