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Bone marrow-derived mesenchymal stem/stromal cells (BMSCs) are fundamental to bone regenerative therapies,
tissue engineering, and postmenopausal osteoporosis. Donor variation among patients, cell heterogeneity, and
unpredictable capacity for differentiation reduce effectiveness of BMSCs for regenerative cell therapies. The cell
surface glycoprotein CD24 exhibits the most prominent differential expression during osteogenic versus adipogenic
differentiation of human BMSCs. Therefore, CD24 may represent a selective biomarker for subpopulations of
BMSCs with increased osteoblastic potential. In undifferentiated human BMSCs, CD24 cell surface expression is
variable among donors (range: 2%–10%) and increased by two to fourfold upon osteogenic differentiation.
Strikingly, FACS sorted CD24pos cells exhibit delayed mineralization and reduced capacity for adipocyte differ-
entiation. RNAseq analysis of CD24pos and CD24neg BMSCs identified a limited number of genes with increased
expression in CD24pos cells that are associated with cell adhesion, motility, and extracellular matrix. Down-
regulated genes are associated with cell cycle regulation, and biological assays revealed that CD24pos cells have
reduced proliferation. Hence, expression of the cell surface glycoprotein CD24 identifies a subpopulation of human
BMSCs with reduced capacity for proliferation and extracellular matrix mineralization. Functional specialization
among BMSCs populations may support their regenerative potential and therapeutic success by accommodating
cell activities that promote skeletal tissue formation, homeostasis, and repair.
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Introduction

Populations of bone marrow-derived mesenchymal
stromal cells (BMSCs) contain tissue-specific progenitor

cells and represent an attractive biological source for regen-
erative therapies and tissue engineering applications [1–4].
BMSCs have multilineage potential that can differentiate into
cells that express cartilage, fat, and bone markers. Moreover,
BMSC populations are very heterogeneous and variable be-
tween donors, while there is a lack of specific cell surface
markers that can identify defined BMSC subpopulations
with distinct biological properties [5–7]. The heterogeneity
of these cells and variable differentiation capacity together
limit their application in regenerative medicine and tissue
engineering [8].

Due to the large differences between isolates of BMSCs
and isolates from different anatomical locations (ie, bone
marrow, adipose tissue, placenta, Wharton’s jelly, and many
others), several criteria have been defined that identify iso-
lated BMSCs from various tissues [9,10]. First, BMSCs are
plastic adherent non-hematopoietic progenitor cells that ex-
press CD71, CD90, and CD150, and lack the expression
of CD11b, CD14, CD19, CD34, CD45, and HLA-DR sur-
face molecules. Furthermore, these cells have tri-lineage
potential and are able to differentiate into cells that express
markers characteristic of osteoblasts, adipocytes, and chon-
drocytes in cell culture. Although each of these markers can
enrich for CFU-F from BMSC, the percentage of cells with
properties of progenitor cells is highly variable between dif-
ferent donors [8]. Since the majority of established surface
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markers are defined for BMSCs, they may be present in dif-
ferent amounts on stromal cells derived from different ana-
tomical locations [10–13] and dependent on the proliferative
status [12,14].

Cell surface molecules may support enrichment of BMSC
subpopulations with increased stemness and/or osteochon-
dral differentiation potential [15], including CD146/MCAM
[16], Stro-1 [17], CD271/LNGFR [18], and SSEA-4 [19,20].
Additionally, their expression is very heterogeneous among
different MSC sources [20]. In-depth characterization of
cell surface proteins may define select subpopulations
of BMSCs with distinct biological properties independent of
donor variation.

We have previously identified early regulators of osteo-
genic and adipogenic lineage commitment based on tran-
scriptome analysis at high temporal density that clarify
transcriptional regulatory events during the early stages of
osteogenic and adipogenic differentiation of human BMSCs
[21]. These gene expression profiles of differentiating
BMSCs also revealed that the cell surface protein CD24 [22]
is specifically upregulated during osteogenic differentiation
of BMSCs. Here, we further investigated the expression of
CD24 in human BMSCs and show that CD24 is present on a
small subset of ex vivo expanded BMSCs. We characterize
this population using gene expression analyses, flow cytom-
etry, and RNA-seq. The main finding of our study is that
CD24 positive cells have reduced differentiation potential
and proliferative capacity relative to CD24 negative cells.
The functional specialization of CD24 positive and negative
cells may support different biological activities in regener-
ative therapies.

Materials and Methods

Cell culture

Bone marrow-derived human mesenchymal stromal cells
from healthy individuals were obtained from Lonza (Basel,
Switzerland) and differentiated as previously described [23].
Briefly, cells were expanded in Mesenchymal Stem Cell
Growth Media (Lonza, Belgium) and 5 · 10 [3] vital cells/
cm2 were seeded in 12-well cell culture plates or 175 cm2

cell culture flasks in basic growth media consisting of
aMEM (Fisher Scientific, the Netherlands) supplemented
with 10% heat inactivated FCS (Fisher Scientific, the
Netherlands), 20 mM HEPES (Sigma-Aldrich, the Nether-
lands), 1.8 mM CaCl2 (Sigma-Aldrich, the Netherlands) and
adjusted to pH 7.5. Two days after seeding, cells were dif-
ferentiated into adipocytes using basic growth media sup-
plemented with 100 nM dexamethasone (Sigma-Aldrich, the
Netherlands), 60mM 3-isobutyl-1-methylxanthine (IBMX;
Sigma-Aldrich, the Netherlands) and 500mM indomethacin
(Sigma-Aldrich, the Netherlands), or differentiated into os-
teoblast using basic growth media supplemented with
100 nM dexamethasone (Sigma-Aldrich, the Netherlands)
and 10 mM b-glycerophosphate (Sigma-Aldrich, the Neth-
erlands) and cultured at 37�C and 5% CO2 in a humidified
atmosphere. Differentiation media was replaced every 3–
4 days. Histology of extracellular matrix mineralization
(Alizarin Red) and lipid droplets [Oil Red O (ORO)] were
performed as previously described [23]. Subsequently to
ORO staining, DAPI [4¢,6-diamidino-2-phenylindole, final

concentration 0.1 mg/mL in phosphate buffered saline
(PBS)] was added to stain nuclei. Five independent images
were taken from 2 different wells (10 in total) and the total
number of cells (ie, stained nuclei DAPI) and ORO positive
cells were calculated by using ImageJ and the percentage of
adipocytes were calculated.

RNA isolation, cDNA synthesis and quantative PCR

RNA isolation and cDNA synthesis was performed as
previously described [23]. Briefly, BMSCs were expanded
in Mesenchymal Stem Cell Growth Media (Lonza) and
CD24neg and CD24pos were sorted with flow cytometry (BD
FACSJazz). After FACSort, cells were immediately spun
down (5 min, 1,500 rpm) and cell pellets were resuspended
in 500mL TRIzol (Fisher Scientific, the Netherlands) and
further processed using Chloroform and Isopropanol pre-
cipitation according to manufacturer’s protocol (Fisher
Scientific, the Netherlands). Next, 100 ng total RNA was
used for the generation of cDNA. All quantitative PCR
experiments were generated on an Applied Biosystems’
7500 Real-Time PCR System and relative gene expression
levels were calculated using GAPDH as a housekeeping
gene. Primers used for the gene expression analyses were as
follows: hGAPDH-for: CCG CAT CTT TTG CGT CG;
hGAPDH-rev: CCC AAT ACG ACC AAA TCC GTT G;
hCD24-for: ACC GAC GGA GGG GAC ATG GG; hCD24-
rev: GCG TGG GTA GGA GCA GTG CC; hHTR2A-for:
GTG GAC CCT GAA GAC AAA TGA CA; hHTR2A-rev:
TTC TCA CCA AAC CGA GGA CA; hFBLN1-for: GGA
GAC CGG AGA TTT GGA TGT; hFBLN1-rev: TCA GAT
ATG GGT CCT CTT GTT CCT; hALPL-for: TAA AGCA
GGT CTT GGG GTG C; hALPL-rev: GGG TCT TTC TCT
TTC TCT GGC A; hCCNA2-for: GCG GTA CTG AAG
TCC GGG AA; hCCNA2-rev: GTG CAA CCC GTC TCG
TCT TC; hCDC20-for: TGG CTG AAC TCA AAG GTC
ACA; hCDC20-rev: CAA AAC AGC GCC ATA GCC TC.

RNAseq and gene expression data analyses

The microarray gene expression from Fig. 1 is publicly
available and can be retrieved from the Gene Expression
Omnibus (GEO) at the National Center for Biotechnology
Information (NCBI) under the accession number GSE80614
[21]. RNA sequencing was performed as previously de-
scribed [14]. All differentially expressed cell surface proteins
were selected and a hierarchical cluster tree was generated
using R. RNAseq data analysis was carried out using the
DESeq2 package and limma [24,25].

Flow cytometry analysis and sorting

After trypsinization, cells were washed with 1% PBA
(PBS with 1% Bovine Serum Albumin Fraction V, Roche),
resuspended in 1% PBA, and incubated with mouse aCD24
(human) conjugated with PE or FITC (1:50, clone ML5; BD
Biosciences) for 30 min on ice. Cells were washed twice and
samples were analyzed on a flow cytometer (BD Accuri c6;
BD Bioscience, USA). Flow Cytometer assisted cell sorting
experiments were carried out on a FACSAria II or FACS-
jazz (BD Bioscience, USA). Cells were gated in the for-
ward- and side-scatter, Doublets were excluded and
subsequently gated for CD24 positive events (Fig. 2A). For
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the Ki67 proliferation experiments, BMSCs cultured in ba-
sic growth media were trypsinized and fixed with 70%
EtOH. After 30 min incubation at -20�C, cells were washed in
1% PBA (PBS with 1% Bovine Serum Albumin Fraction V,
Roche) and stained for 30 min with aKi67-Alexa488
(#561165; BD Bioscience, USA) and aCD24-PE (#555428;
BD Bioscience, USA). Stained cells were washed once
with 1% PBA and analyzed on a Accuri C6 FACS (BD
Bioscience). For the analyses of cell proliferation using EdU
incorporation (Click-iT� EdU Alexa Fluor� 647 Flow Cy-
tometry Assay, #C10424; Invitrogen, the Netherlands) cells
were incubated for 24 h with Click-it EdU (final concentration
5mM), trypsinized, and fixed with Click-iT Saponin–based
permeabilization. After Click-iT reaction with Alexa647, cells
were stained with CD24-PE for 30 min and analyzed on a
Accuri C6 FACS.

Results

CD24 expression is induced early upon osteogenic
differentiation of BMSC

Building on transcriptome data that revealed transcrip-
tional changes during the early stages of osteoblast and adi-
pocyte differentiation of human BMSC [21], we have
identified genes encoding cell surface proteins that are in-
duced in early differentiating osteoblasts. We hypothesized

that genes coding for cell surface proteins that are differen-
tially expressed during BMSC differentiation may identify
human BMSC subpopulations with increased bone regenera-
tive capacity in undifferentiated heterogeneous BMSCs.
Therefore, we compared the expression levels of all cell
surface expressed proteins after induction of either osteo-
blastic or adipocytic differentiation. The cell surface protein
CD24, a glycoprotein that was initially identified on the
surface of B lymphocytes [26], was among the most strongly
induced genes during the first 4 days of osteogenic differ-
entiation (Fig. 1A). RNA-seq data from two independent
BMSC donors (#3520 and #4266) and similar time course
and treatment corroborated the finding that CD24 expression
is upregulated and reaches maximal levels during osteogenic
differentiation between days 4 and 14 (Fig. 1B). Quantitative
PCR analysis of CD24 expression during osteoblast differ-
entiation validated that CD24 was reproducibly induced upon
osteogenic differentiation and back at basal levels just prior
extracellular matrix mineralization at day 17 (Fig. 1C).

CD24 cell surface expression is heterogeneously
present in differentiating BMSC

To assess whether changes in mRNA levels of CD24
(Fig. 1) translate into cell surface expression, we performed
fluorescence-activated flow cytometry (FACS) analysis using a

FIG. 1. CD24 is induced immediately upon osteoblast differentiation. (A) Heatmap representing the expression changes of
192 differential expressed cell surface proteins (represented by 251 different probes) during osteoblast differentiation compared
to adipocyte differentiating BMSC. Red is higher expressed in osteoblasts differentiating BMSC, Green is higher expressed in
adipocyte differentiation BMSC. (1 donor, n = 3 per time point). (B) Next generation RNA sequencing data of CD24 mRNA
expression in osteoblast differentiating human mesenchymal stromal cells from two different donors (n = 1 per donor). (C) qPCR
analyses of CD24 mRNA expression in osteoblast differentiating BMSCs in two different donors illustrate that CD24 is quickly
induced upon osteogenic differentiation and reduce to basal levels just prior extracellular matrix mineralization (n = 2 per donor).
BMSC, bone marrow-derived mesenchymal stem/stromal cell; qPCR, quantitative PCR. Color images are available online.
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CD24 antibody with human BMSCs that are either prolifer-
ating or subjected to induction of osteogenic differentiation
(Fig. 2A–C). In proliferating cells (day 0), expression of CD24
was observed in 3%–15% of the cells among three different
donors, and this fraction increased to 12%–35% after 7 days of
osteogenic differentiation (Fig. 2B). While the initial fraction
of CD24pos cells varied before the induction of differentiation
by as much as fivefold (Fig. 2B), the fold increase in the
percentage of 7 days osteogenic differentiated CD24pos cells
was comparable among donors and varies by two to four fold
(Fig. 2C). Because CD24 expression was induced in differ-
entiating osteoblasts by day 7 (Fig. 1), we compared its ex-
pression in a longer time course during nondifferentiating,
osteogenic and adipogenic differentiation using fluorescence-
activated flow cytometry (Fig. 2D). The CD24 cell surface
expression is dynamic and induced within 3 days of osteogenic
differentiation of BMSCs, but not upon stimulation of adipo-
genic differentiation or in undifferentiated cells at this time
point. During osteoblastic differentiation of BMSCs, total ex-
pression of CD24 within cell cultures increases further at days

7 and 10, while a modest elevation was observed during adi-
pogenic differentiation and CD24 levels remained low in un-
differentiated cell cultures (Fig. 2D). These results indicate that
CD24 is only present on the surface of a relatively small
fraction of human BMSCs, is heterogeneously expressed, ex-
hibits significant donor to donor to variation, and is consis-
tently stimulated upon osteogenic differentiation while
reaching maximal cell surface expression after 7–10 days of
osteogenic differentiation.

CD24 positive sorted cells have reduced capacity
for adipogenic differentiation in vitro

Because CD24 is specifically induced during osteogenesis
of BMSCs, we hypothesized that these cells may have an
important function during osteoblast differentiation and the
formation of a mineralized extracellular matrix. Therefore,
we investigated the biological properties of FACS-sorted
proliferating BMSCs for CD24pos cells (Fig. 3A, B) and
monitored the ability of the sorted cells to differentiate in vitro

FIG. 3. CD24 marks a subset of hMSC with reduced osteogenic and adipogenic differentiation capacity. (A) To inves-
tigate the functional differences of the CD24 cell populations in BMSCs, we sorted the cells using flow cytometry. Three
populations were sorted: CD24pos, CD24neg, and unsorted cells (NS), and differentiated into adipocytes and osteoblasts.
(B) CD24 expression determined 2 days after sorting for CD24 cell surface expression. Gene expression levels are relative
to GAPDH. (n = 2). (C) Differentiation of the sorted population resulted in a reduced mineralization. In the CD24 positive
sorted cells. (D) CD24pos sorted cells have a reduced adipogenic differentiation potential. Cells were fixed after 18 days of
differentiation and stained with DAPI (nuclei, total cell number) and ORO (Adipocytes). For each condition, five inde-
pendent images were analyzed (from two different wells). Quantification shows that only 12% of the CD24pos cells were
differentiated into ORO positive adipocytes whereas the 25%–30% of the unsorted and CD24neg cells were differentiated
into ORO positive adipocytes. (E) Quantification (n = 10) of the data represented in Fig. 3D. Left panel total nr cells
(counted by the DAPI positive nuclei). Right panel: percentage of ORO positive adipocytes. DAPI, 4¢,6-diamidino-2-
phenylindole; NS, non-sorted; ORO, Oil Red O. Color images are available online.
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along the osteoblastic (Fig. 3C) or adipocytic (Fig. 3D, E)
lineage. Analysis of CD24 mRNA levels in unsorted and
sorted BMSC populations 2 days after the sort and just prior
differentiation shows that flow sorting based on CD24 cell
surface expression is effective in separating cells that ei-
ther express CD24 mRNA or not (Fig. 3B, fivefold increase
in CD24 expression after sorting). RT-qPCR shows that
expression of CD24 also increases in CD24neg BMSCs
after 7 days of osteoblast differentiation (Fig. 3B). Thus,
CD24neg BMSCs remain capable of inducing CD24 ex-
pression during osteogenic differentiation. Interestingly,
osteogenic differentiation of CD24pos was reduced whereas
CD24neg and non-sorted (NS) BMSCs each produced a
mineralized extracellular matrix after 21 days (Fig. 3C).
However, in contrast to CD24neg and NS cells, adipogenic
differentiation of CD24pos BMSCs resulted in a signifi-
cantly lower number of ORO positive adipocytes and de-
creased cell number (Fig. 3D, E). These findings suggest
that CD24pos cells have decreased differentiation potential,
cell proliferation, and/or cell survival relative to other
BMSCs in the population.

Both CD24pos and CD24ind cells have reduced
osteogenic capacity

The induction of CD24pos cells from CD24neg cells upon
osteoblast differentiation indicates the presence of an indu-
ced population of CD24pos cells (ie, CD24ind) that develops
within the first week of differentiation. To investigate the
differences between CD24pos and the CD24ind cells, we
sorted the CD24pos and CD24neg cells from the proliferating
BMSCs and performed a second sort in both populations
after 7 days of osteogenic differentiation (Fig. 4A). FACS
analyses illustrate that CD24 cell surface expression in
CD24pos cells isolated from proliferating cells is stable and
does not change appreciably after 7 days of osteogenic
differentiation (Fig. 4C, compare CD24pos in left panel and
CD24pos/NS in right panel). In contrast, populations of
CD24neg cells from the proliferating BMSC population
developed a small but noticeable subset of CD24pos cells
(up to *10%) after osteogenic differentiation (Fig. 4C,
compare CD24neg in left panel with CD24neg/NS in
right panel). This subset is lower than the subset of CD24pos

FIG. 4. CD24pos population derived from proliferating and osteogenic differentiated cells have lower differentiation
capacity. (A) Double sorting strategy to obtain and investigate CD24pos cells that are present in undifferentiated human
BMSCs and that are formed from CD24neg cells upon osteoblast differentiation. Proliferating human BMSCs were sorted in
three populations: CD24pos, CD24neg, and unsorted cells (NS). All populations were osteogenic differentiated for 7 days,
trypsinized, and a second round of cell sorting was applied from the CD24neg and unsorted population (NS) to obtain
another CD24neg, CD24pos and unsorted population NS. The cells were seeded and cultured in osteogenic differentia-
tion media for another 14 days. Cells were fixed and the extracellular matrix mineralization was stained with Alizarin Red
(B) Calcium concentration in the media after differentiation of the different populations of Fig. 4A. (C) Percentage of
CD24pos cells after sorting of proliferating cells (left panel) or after the second sort of osteogenic differentiated populations
(right panel). Color images are available online.
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cells (20%) that is derived from the cells that were not
sorted (Fig. 4C, compare NS in left panel with NS/NS in
right panel). The FACS results collectively indicate that
there are at least three distinct populations present in un-
differentiated human BMSCs: (1) CD24pos cells, (2) CD24neg

cells, and (3) CD24neg cells that become CD24pos after
osteogenic differentiation (ie, CD24ind). Remarkably,
both CD24pos and CD24ind cells exhibit reduced and/or
delayed mineralization of the extracellular matrix after
21 days of differentiation (Fig. 4A), whereas the CD24neg

cells and control sorted cells remain competent to produce
a mineralized extracellular matrix. Quantitative analyses
of Ca2+ depletion from de media corroborated the results
of Alizarin Red staining (Fig. 4A, B). Taken together, al-
though CD24 is strongly induced upon osteogenic differ-
entiation, CD24pos cells have reduced matrix mineralization
potential.

Transcriptome analyses of CD24 sorted
populations indicates reduced cell proliferation
in CD24 positive cells

Although CD24 is specifically induced upon osteoblast
differentiation, sorted CD24pos cells are not able to produce
a normal mineralized extracellular matrix in contrast to the
CD24neg population. To determine the molecular and tran-
scriptional differences between the CD24pos and CD24neg

cells in proliferating human BMSCs, we sorted the two dif-
ferent populations of three different BMSCs donors and per-
formed next generation RNA sequencing (Fig. 5A). CD24
was the most differentially expressed gene (*40-fold,
Fig. 5B, C) between the CD24pos and CD24neg cells reflec-
ting the purity of the sorted population. Moreover, this
finding suggests that surface expression of CD24 correlates
with the mRNA expression in the cells. Surprisingly, only a

FIG. 5. Differential expressed genes in CD24pos cells have reduced expression of genes involved in mitotic cell cycle.
(A) FACSorting strategy of proliferating BMSCs that express CD24 on surface for the RNAseq. (B) Gene expression analyzes
comparing the CD24pos and CD24neg BMSCs. In red the genes that are significantly (FDR 1%) differentially expressed
between the two populations. In brackets the number of genes significantly different (1%FDR) with a fold change = 2 (n = 3
donors). (C) Validation of genes higher (red) or lower (green) expressed in CD24pos cells compared to CD24neg cells. Left
panel gene expression data from the RNAseq analyses and right panel analyses of the same genes by qPCR in independently
sorted cells (n = 3 donors). (D) Venn diagram of the genes associated with extracellular matrix, cell adhesion and cell motility
and enriched in the CD24pos population. qPCR, quantitative PCR. Color images are available online.
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limited number of genes were differentially expressed be-
tween the CD24pos and CD24neg cells (Fig. 5A). We found
69 genes that have significantly higher and 111 genes sig-
nificantly lower gene expression levels of which only 27 and
16 genes are modulated by more than twofold, respectively
(Fig. 5B, Supplementary Data S1).

Validation of some up- and down-regulated genes using
RT-qPCR of independent FACS sorted cells confirmed the
RNAseq data (Fig. 5C). Gene ontology analyses indicated
that beyond very general functional groups, the CD24pos

cells are enriched for genes associated with extracellular ma-
trix organization (GO:0044421, GO:0030198, GO0043062),
programmed cell death (GO:0008219, GO:0012501), and cell
differentiation (GO:0030154) (Supplementary Table S1).
Genes that were enriched in CD24neg cells are mainly asso-
ciated with processes of cell cycle and mitosis (GO:0051301,
GO:0000278, GO:0007049) (Supplementary Table S2). In-
terestingly, we found 20 out 69 genes with increased ex-
pression that belong to 3 gene ontology terms: cell adhesion
(GO:0007155; P = 7.5 · 10-4), motility (GO:0048870; P = 5.9 ·
10-3) and extracellular matrix (GO:0031012; P = 1.3 · 10-4)
(Fig. 5D). Furthermore, these results indicate that CD24pos

cells have a reduced proliferative capacity that agrees with
the decreased number of cells when cells were differentiated
into adipocytes (Fig. 3D). Although not significant, cell pro-
liferation analyses illustrated reduced proliferative capacity
of the CD24pos population just prior osteogenic differenti-
ation (Fig. 6A, B upper panel) or after 7 days of osteogenic
differentiation (Fig. 6B lower panel).

Discussion

Mesenchymal stromal cells are the ideal source in regen-
erative therapies for skeletal defects. However, a priori pre-
diction of mesenchymal stromal cell behavior, expansion
capacity, and differentiation potential is important for effi-
cient use in the clinic. Although it is well known that the
mesenchymal stromal cell population is very heterogeneous,
the selection of a homogeneous cell population with repro-
ducible expansion and differentiation capacity is still difficult
due to the lack of well characterized cell surface molecules.

Here, we have investigated a cell surface expressed pro-
tein, CD24, which is induced upon osteogenic differentia-
tion and present only on a subset of the proliferating and
differentiated BMSCs. We observed that CD24 expression is
strongly induced upon osteogenic differentiation of MSCs.
Cell sorting experiments revealed that the CD24pos cells,
which were derived from cultures undergoing proliferative
expansion, were not able to generate a mineralized extra-
cellular matrix after osteoblastic differentiation in vitro.
These cells also exhibited a reduced ability for adipogenic
differentiation. Furthermore, RNA-seq data showed that
genes involved in mitosis and cell cycle progression are
expressed at lower levels in these sorted CD24pos cells.
Hence, CD24pos cells appear to have less proliferative
potential and reduced capacity for either osteogenic or adi-
pogenic differentiation.

In the mid 1990s, Liu et al. investigated individual oste-
oblast populations by PCR and immunohistochemistry and
already concluded that individual osteoblast colonies were
different in osteoblast marker expression and were able to
divide in less mature or more mature osteoblast colonies

[27]. Nevertheless, osteoblast biomarker expression within
single colonies was very variable. These studies advanced
the notion that osteoblasts exhibit a considerable degree of
heterogeneity and there may not be a single unique osteo-
blast phenotype, but rather a flexible pattern of osteoblast
gene expression [28]. More recently, quantitative measure-
ments of gene expression levels in chondrocytes and chon-
drogenically induced MSCs showed that these cells exhibit
substantial mRNA expression heterogeneity [29]. RNA
FISH experiments in single cells indicated that differentia-
tion markers in sister cell pairs have high levels of mRNA
variability and that marker gene expression in chondrocytes
is not heritable. Hence, sorting of subpopulations in chon-
drocytes based on cartilage markers may only marginally
enrich for progenitor populations that are suitable for ther-
apeutic applications [29].

Our data show that BMSCs sorted for the CD24 cell
surface marker exhibit a transcriptome that is quite similar
to the original starting population. Thus, rather than repre-
senting a unique subpopulation of BMSCs, these CD24pos

cells may represent a dynamic subpopulation that is part of a
continuum of molecular phenotypes in MSCs that appar-
ently display a level of plasticity that is comparable to that
initially described for osteoblastic cells by the Aubin labo-
ratory [28]. While others found a difference of 60-fold in
CD24 mRNA expression in in vitro BMSCs cultures [30],
we show that CD24 was differentially present on the cell
surface (3%–15%) of different BMSCs donors and illustrat-
ing the large heterogeneity in CD24 expression among dif-
ferent donors.

CD24 is a sialoglycoprotein and anchored via a glycosyl
phosphatidylinositol (GPI) link to the cell surface [31] and
first identified on B lymphocytes. Moreover, CD24 has been
described to be involved in many different downstream
signaling networks and pathways during neural development
[32]. Interestingly, lineages tracing studies in mice have
shown that CD24pos cells can generate a CD24neg population
in vivo that express late markers of adipogenesis [33].
Others showed that CD24 is significantly increased in cul-
tures rich in mesenchymal stem cells and suggests that
CD24 marks cells with stem cell properties within human
bone marrow and breast adipose tissue [34]. Our results
illustrate that the CD24pos population is stable after sorting,
does not change CD24 cell surface expression but has a
reduced adipogenic and osteogenic differentiation capacity.
Suggesting that CD24pos population here is representing a
different pool than was described earlier [33,34], or its ex-
pression varies among different compartments [35] and may
be the result of differences between human and mice cell
surface expression [36,37]. Moreover, our results suggest
that the sorted CD24pos by its own have an impaired oste-
ogenic and adipogenic differentiation capacity that is depen-
dent on other subpopulations of BMSCs.

Our flow cytometry cell sorting on CD24 expression was
very efficient and the phenotypic outcomes (eg, reduced
osteogenic differentiation) were very reproducible within and
among BMSCs from different donors. RNAseq data indicate
that only very few genes are co-expressed within the different
populations (eg, CD24neg cells and CD24pos cells). Beyond
the expected robust differences in CD24 mRNA expression,
we observed only very modest quantitative changes in gene
expression for the few genes that were modulated in the two
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sorted populations. The strong glycosylation of CD24 on the
cell surface have been involved in signaling of cell–cell
interactions suggest additional role in cell–cell communi-
cation in osteogenic differentiating BMSCs and beyond the
intracellular signaling and is explained by the overrepre-
sentation of genes involved in cell adhesion and motility
[38,39].

Although CD24pos cells and the parental BMSC popula-
tions have very similar transcriptomes, cell surface expres-
sion of CD24 identifies a subpopulation with reduced
proliferative potential and differentiation capacity. The key
question remains whether this subset of BMSCs has a un-
ique biological function or may appear as part of a dynamic
heterogeneous population [40,41]. Because MSCs in general
are known to have trophic functions, it is possible that these
CD24pos cells have an auxiliary role as ‘‘helper cells’’ in
the overall BMSC population as was previously suggested
for CD24pos Paneth cells in the intestinal crypt [42]. Fur-
thermore, CD24 is a well defined negative surface marker
for breast cancer stem cells [43], however, a recent report
suggests that CD24 can be used as a positive marker for
osteosarcoma tumor-initiating cells [44]. Zhou et al. illus-
trate that the invasive and migration ability of osteosarcoma
cells were significantly enhanced after upregulating CD24.
Others demonstrated that downregulation of CD24 sup-
presses bone metastasis of lung cancer cells [45]. Interest-
ingly, 20 out 69 genes upregulated in CD24pos cells are
associated with cell adhesion, extracellular matrix, and cell
motility. Hence, CD24pos cells may support the overall ac-
tivity of adjacent MSCs through cell/cell contact, production
of an extracellular matrix, or secretion of paracrine factors.

Conclusions

Heterogeneity of cultured BMSCs is highly relevant for
their use in regenerative medicine, because these cells have
individual properties with unique biological functions that
upon sorting may permit use as specialized BMSC subtypes
and as a population they have collective properties as mu-
tually supportive cells that may communicate by juxtacrine
or paracrine signaling. Although we find CD24 is upregu-
lated in osteogenic differentiation of BMSCs, the CD24
population by itself was not able to increase ECM miner-
alization in vitro. In addition, it is unclear from our study
how expression of CD24 alters the biological properties
of BMSCs, and hence what the physiological relevance
of these cells could be in vivo. Our data indicate that this
population exists in cultured BMSC, and our RNA-seq data
revealed changes in the transcriptomes of CD24 positive
cells compared to CD24 negative cells related to cell mi-
gration and adhesion similar to findings on CD24 positive
cells in other contexts [46].
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