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Excessive bone marrow adipocytes (BMAs) formation is tightly associated with development of osteoporosis.
Considering the high heterogeneity of bone marrow stromal cells (BMSCs), identification of bone marrow
adipocyte progenitors (BMAPs) within heterogeneous BMSCs may provide better cellular models for research
regarding osteoporosis development and therapy. However, currently there is no efficient method or specific
surface makers that are available for BMAPs isolation. In the current study, we developed a novel BMAPs
isolation method based on silica microbeads incubation and subsequent centrifugation in ficoll-paque. The ‘‘Sca-1 +

CD73 - CD90 - CD105 + ’’ subpopulation selected by this method exhibited significantly stronger adipogenic po-
tential than nonselected BMSCs in vitro and could homogeneously differentiate into mature adipocytes within
4 days. Moreover, these cells also highly expressed a series of adipogenesis-related genes even before differ-
entiation. After long-term culture, however, BMAPs would gradually lose high adipogenic ability, but sorting
CD105 + cells from BMAPs in later passages was able to retrieve the highly adipogenic subpopulation. In
conclusion, this study demonstrated that BMAPs subpopulation could be effectively isolated from heteroge-
neous BMSCs by a special silica microbeads incubation method and re-enriched by sorting CD105 + cells. These
findings offer convenient and repeatable approaches to obtain pure BMAPs for research regarding pathogenic
mechanisms and therapeutics development of osteoporosis.

Introduction

Increased bone marrow adiposity is a common phenom-
enon observed in osteoporosis [1–3]. Even the exact roles of

bone marrow adipocytes (BMAs) in osteoporosis develop-
ment have not been fully revealed [4], more recent studies are
supporting the notion that excessive BMAs formation will
accelerate the progression of osteoporosis. For example, in-
creased bone marrow adiposity induced by treatment of
adipogenic drugs or feeding a high fat diet would lead to
reduced bone mineral density [5,6]. Moreover, recent studies
also discovered that BMAs were able to suppress new bone
formation by inducing osteoblast trans-differentiation to ad-
ipocytes or to enhance old bone resorption by promoting os-
teoclast formation [7–10]. Therefore, these findings supported
the detrimental effects of excessive BMAs formation and
highlighted the importance of suppressing bone marrow
adipogenesis for osteoporosis therapy.

To achieve this goal, previous studies have extensively
investigated the molecular mechanisms controlling adipo-
genic differentiation of bone marrow stromal cells (BMSCs)

based on cell lines or primary BMSCs [4,11,12]. However,
cellular models based on primary BMSCs or immortalized
cell lines are confronted with certain limitations. For exam-
ple, one drawback for primary BMSCs is their high hetero-
geneity, especially for adipogenic potentials [13–15]. One
recent study found that a significant portion of human pri-
mary BMSCs were unable to differentiate into adipocytes
in vitro. Moreover, even within the adipogenic capable cells,
the adipogenic potentials for different subpopulations also
displayed high variations [13]. Therefore, studies based on
heterogeneous BMSCs might only reflect the general features
of all BMSCs subpopulations rather than the specific features
of the highly adipogenic subpopulation. On the other hand,
immortalized cell lines, especially preadipocyte cell lines
[16], may offer more stable and homogenous models for
adipogenesis research. However, these cells have been im-
mortalized and have undergone several gene mutations [17],
which may raise the concern about their similarities to the
real BMSCs in vivo. Moreover, studies based on cell lines
also cannot monitor the real-time cellular changes in the
animal models. Due to these limitations, it will be more
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preferable to directly isolate the bone marrow adipocyte
progenitors (BMAPs) for studies regarding bone marrow
adipogenesis, as they can truly represent the highly adipo-
genic subpopulation within BMSCs. By studying the specific
features of this subpopulation, researchers may identify
more specific molecules or pathways that endow BMSCs
with high adipogenic ability and discover more potential
targets for suppressing bone marrow adipogenesis.

Nevertheless, previous studies on BMAPs isolation are
limited. Even previous studies have demonstrated the exis-
tence of BMSC subpopulations that can only differentiate
into adipocytes, but their specific markers and whether they
possess high adipogenic potential are still unclear [18,19].
Moreover, current strategies to isolate BMSC subpopulations
generally required seeding primary BMSCs in low density
and subsequent screening of the differentiation abilities from
different colonies [13], which may be time consuming and
difficult to repeat. Hence, there is a need of an alternative
technique that can be used to efficiently and reproducibly
isolate specific BMAPs subpopulation.

In this study, we attempted to utilize a special silica mi-
crobeads incubation method to isolate the BMAPs subpop-
ulation from mixed BMSCs. This isolation method is based
on our previous finding that different subpopulations of
BMSCs might possess a different endocytosis ability when
cultured in low serum medium [20]. When inert silica mi-
crobeads were added, different BMSC subpopulations may
engulf different amounts of silica microbeads and, thus,
could be isolated based on different cellular densities. The
aim of the following study is to evaluate the effectiveness of
applying this silica microbeads incubation method to BMAPs
isolation.

Materials and Methods

Unless specifically indicated, all chemicals used in the
experiments were purchased from Sigma Aldrich.

Animals

Eight-week-old C57BL/6J mice were selected as the donor
of BMSCs. Mice were purchased from the NUS laboratory
animal center and housed in the animal holding unit of the
National University of Singapore. All experiments involving
animals complied with the protocol approved by the insti-
tutional animal care and use committee (IACUC) of the
National University of Singapore.

BMAPs isolation and cell culture

Total BMSCs were obtained by flushing the bone marrow
cavities in femur and tibia. BMSCs from one donor (n = 4)
were then transferred to one T25 flask and cultured in
complete MSC medium (Mesencult mouse MSC expansion
kit; Stemcell Technologies) at 37�C, 5% CO2, and in a 95%
humidity incubator. Nonadherent cells were then removed;
adherent cells were cultured until confluence after 3–5 days;
and confluent cells were then dethatched by 0.05% Trypsin/
EDTA (Life technologies) for 2 min and passaged at a spill
ratio of 1:2. For BMSCs without selection [nonselected
BMSCs (NS-BMSCs)], attached cells were continually pas-
saged until passage 3 (P3) for hematopoetic cell depletion.
For isolation of BMAPs (n = 4, repeated in BMSCs from 4

mice), 1 · 106/mL of BMSCs at P2 were suspended in RPMI-
1640 medium with 5% fetal bovine serum (FBS; HyClone).
About 100 mg/mL silica microbeads (Bangs Laboratories,
Inc.; SS04N, 1–2.49mm) were then added into the medium.
Cells were incubated with the microbeads for 4.5 h at 37�C
with manual resuspension every 20 min. After incubation,
cells were centrifuged at 300 g for 3 min and then re-
suspended in 4 mL of phosphate buffer solution (PBS; 1st
Bast). For isolation, 4 mL cells in PBS were slowly layered on
3 mL ficoll-paque premium (1.073 g/mL) (Stemcell Technol-
ogies) and then centrifuged at 300 g for 30 min. BMAPs could
finally be isolated from the interlayer after centrifugation
(Fig. 1A). Isolated cells were seeded at 1 · 104 cell/cm2 in
complete MSC medium for expansion. At P3, the left he-
matopoietic cells in both BMAPs and NS-BMSC were further
depleted by Lineage cell depletion kit (Miltenyi Biotec). The
negative selected cells were then seeded at a density of 5,000
cells/cm2 in complete MSC medium and kept passaging
with the same seeding density.

Colony-forming unit assay

After hematopoietic depletion, NS-BMSCs and BMAPs at
P6 were seeded in six-well plates at the density of 50 cells/
cm2 in triplicate. Cells were cultured for 10 days in complete
MSC medium and then stained with 0.25% crystal violet for
10 min.

Osteogenic differentiation

Osteogenic differentiation was induced by adding 50mg/
mL 2-phosphate ascorbic acid, 10 - 8 M dexamethasone, and
10 mM b-glycerophosphate in complete MSC medium when
cells nearly reached confluence. Cells were differentiated for
3 weeks; differentiated cells were stained with 2% alizarin
red for 1 min. For quantification, alizarin red stained dye was
extracted by adding 10% Cetylpyridinium chloride in PBS
(13). One milliliter Cetylpyridinium chloride was added into
one well of a 12-well plate, and the reaction was allowed at
37�C for 15 min. One hundred microliter of the reacted so-
lution was then transferred to 1 well of 96-well plates, and
absorbance was detected at 560 nm with a fluorescence mi-
croplate reader (Tecan Infinite M200; Tecan Group Ltd., AG).
Tests were performed in triplicate.

Adipogenic differentiation and quantification

Adipogenic differentiation was induced by supplementing
60mM indomethacin, 0.5 mM 3-Isobutyl-1-methylxanthine,
5mg/mL insulin, 1 · 10 - 6 M dexamethasone, and 1mM Ro-
siglitazone (Cayman Chemical) in complete MSC medium
when cells nearly reached confluence. Cells were differenti-
ated for 4–7 days with the medium changed every 3 days.
For lipid content detection, differentiated cells were stained
by 0.36% Oil Red O in 60% isopropanol for 1 h. For quanti-
fication, 1 mL isopropanol was added to 1 well of 12-well
plates to extract the staining dye. Extraction absorbance
was detected at 550 nm with a fluorescence microplate
reader. Experiments were performed in triplicate. For free
fatty acids (FFAs)-induced adipogenesis, cells were incu-
bated with 1 mg/mL of green fluorescent FFA BODIPY�

FL C12 (Life Technologies) in complete MSC medium for
4 days. After incubation, cells were washed twice with
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culture medium and observed under a fluorescence micro-
scope (Olympus IX70).

Chondrogenic differentiation

Chondrogenic differentiation was induced by supple-
menting MSC complete culture medium with 1% insulin-
transferrin-selenium (ITS) Premix (BD Biosciences), 10 ng/
mL transforming growth factor a (TGF-a; R&D Systems),
50 mg/mL ascorbate-2-phosphate, 10 - 7 M dexamethasone,
40 mg/mL L-proline, 1% sodium pyruvate, 1% nonessential
amino acids (Life Technologies), 1% Glutamax (Life Tech-

nologies), and 1% PS at 2.5 · 105 cells/tube in a 3D pellet
culture for 28 days. Differentiation was detected by alcian
blue staining on paraffin-embedded slides.

Total RNA extraction, conventional
and real-time PCR

Total RNA was extracted by Qiagen RNeasy Mini Kit
(Qiagen). cDNA was then synthesized by iScript� cDNA
Synthesis Kit (Bio-Rad). For conventional PCR, newly syn-
thesized cDNA was mixed with PCR Master Mix (2 · )
(Fermentas) and primers for PCR reactions. For real-time

FIG. 1. Isolation and characterization of BMAPs. (A) Schematic illustration for isolating BMAPs from heterogeneous BMSCs
by the silica microbeads selection method. (B) Colony-forming units assay for NS-BMSCs (top) and BMAPs (bottom) at P6,
cells were seeded at 50 cells/cm2 and stained by crystal violet after 10 days. (C) Morphologies and tri-lineages differentiation
abilities of NS-BMSCs (top) and BMAPs (bottom) at P6 (From left to right): morphologies before differentiation, alizarin red
staining after 3 weeks’ osteogenic differentiation, oil red O staining after 7 days’ adipogenic differentiation, and alcian blue
staining after 28 days’ chondrogenic differentiation. Scale bars: (B) = 1 cm; (C) = 100 mm, except the scale bar dizarin red
staining on BMAPs equals 1 mm. BMAPs, bone marrow adipocyte progenitors; BMSCs, bone marrow stromal cells; NS-
BMSCs, nonselected BMSCs.
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PCR, 2 · SYBR� Green PCR Master Mix (Applied Biosystem)
was mixed with cDNA templates and primers for real-time
PCR analysis in Stepone plus real-time PCR system (Applied
Biosystem). Complete reactions conditions of PCR were as
follows: Holding stage: 95�C for 20 s; Cycling stage (40 cy-
cles): Step 1, 95�C for 3 s; and Step 2, 60�C for 30 s. Non-
reverse transcript controls were used as negative controls for
each batch of experiment to confirm the validity of gene
expression. Relative gene expression was calculated by DDCt
method and normalized to endogenous Glyceraldehyde 3-
phosphate dehydrogenase (Gapdh) expression level. qPRC
experiments were performed in triplicate. Sequences and
sources of the primers used in conventional or real-time PCR
are listed in Supplementary Table S1 (Supplementary Data
are available online at www.liebertpub.com/scd).

Immunostaining

For immunostaining, cells were first fixed with 4% para-
formaldehyde for 20 min and then permeabilized by 0.2%
Triton X-100 in PBS for 10 min. Samples were blocked with 2%
bovine serum albumin (BSA) in PBS for 1 h. After blocking,
primary antibodies (Anti perilipin A; Abcam) were added in
1:200 dilution (5mg/mL) and incubated at 4�C overnight with
rotation. Labeled cells were then washed twice with 0.05%
tween20 in PBS and subsequently incubated with secondary
antibodies (1:200 dilution, Alexa Fluor� 594 Goat Anti-Rabbit
IgG; Life Technologies) in PBS containing 2% BSA for 2 h.
Finally, samples were washed thrice with 0.05% tween 20 in
PBS. For visualization of nucleus, cells were counter stained
with 300 nM DAPI (Life Technologies).

Flow cytometry analysis and cell sorting

For flow cytometry analysis, cells were first detached with
0.05% trysin-EDTA (Life Technologies) and subsequently wa-
shed twice with PBS containing 2% FBS. Fluorochrome-conju-
gated antibodies were then mixed with the cells and incubated
at 4�C for 30 min. Labeled cells were washed and then filtered
to generate single-cell suspensions. Surface markers expression
was analyzed by Cyan flow cytometer (Beckman Coulter). For
cell sorting, experiments were performed under sterile condi-
tions. After staining and washing, cells were resuspended in
complete MSC medium and then sorted with MoFlo� XDP cell
sorter (Beckman Coulter). Sorted cells were collected with 100%
FBS and then seeded at a density of 20,000 cells/cm2. Anti-
bodies used in flow cytometry analysis and cell sorting are
listed in Supplementary Table S2.

Statistical analysis

Quantitative results were presented as mean with an error
bar ( – standard deviation from experiments in triplicate). If
quantitative data followed normal distribution, comparisons
of data were analyzed by one-way analysis of variance, fol-
lowed by Tukey’s post hoc test for multiple comparisons.
Non-normal distributed data were analyzed by Mann–
Whitney U test. P < 0.05 was considered significant differ-
ence. For determining correlation, the Pearson correlation
coefficient (R) was calculated for two sets of data, and jRj >
0.9 was considered tight correlation. All statistical analyses
were performed in IBM SPSS Statistics 20.0.

Results

Colonies-forming ability and tri-lineages
differentiation

BMAPs subpopulation could be effectively isolated by
silica microbeads incubation method as indicated in (Fig.
1A). In colonies-forming assay, both BMAPs and NS-BMSCs
were able to form colonies when seeded in low densities (Fig.
1B). When cultured on plastic plates, the selected BMAPs
displayed a homogeneous fibroblast-like morphology, while
the NS-BMSCs displayed more heterogeneous morphologies
(Fig. 1C). When subjected to tri-lineages differentia-
tion, NS-BMSCs were able to differentiate into osteoblasts,
adipocytes, and chondrocytes, which were respectively
confirmed by alizarin red, oil red O, and alcian blue staining
(Fig. 1C, top). However, different from NS-BMSCs, BMAPs
exhibited particularly high adipogenic ability in vitro, but
could only weakly differentiate into osteoblasts and nearly
could not differentiate into chondrocytes (Fig. 1C, bottom).
These findings indicated that the selected BMAPs subpopu-
lation possess distinct differentiation preferences from the
NS-BMSCs.

Comparison of surface markers expression

In flow cytometry analyses, NS-BMSCs highly expressed
several BMSCs related markers, such as Sca-1 (96.7%), CD90
(99.2%), and CD105 (60.5%), but were nearly negative for
CD73 (1.3%) (Fig. 2A); on the other hand, BMAPs only
highly expressed CD105 (98.6%) and Sca-1 (83.5%) but were
almost negative for CD73 (1.3%) and CD90 (0.7%) expression
(Fig. 2B). After negative selection to remove hematopoietic
cells, both NS-BMSCs and BMAPs were mostly negative
( > 98%) for the hematopoietic cell-related markers, such as
CD11b (for macrophages), CD31, and CD45 (Fig. 2).

Rapid and strong adipogenic differentiation
of BMAPs

To further investigate the high adipogenic potential
of BMAPs, both BMAPs and NS-BMSCs were induced
for adipogenic differentiation for 4 days. Interestingly,
BMAPs exhibited particularly high sensitivity to adipogenic
stimulation and could rapidly differentiate into large lipid-
droplets-laden adipocytes within 4 days (Fig. 3A). Oil red
O-stained cells under phase contrast (Fig. 3B) and fluorescent
view (Fig. 3E) indicated that the differentiation occurred
homogeneously in the whole cell population. On the con-
trary, only a small portion of NS-BMSCs could be induced to
lipid-droplets-laden adipocytes after 4 days (Fig. 3C). Ab-
sorbance comparison of the extracted oil red O from both
cells further confirmed that BMAPs accumulated a signifi-
cantly higher amount of lipids than NS-BMSCs after adipo-
genic differentiation (Fig. 3D, P < 0.01). Moreover, the
differentiated BMAPs were also positive for perilipin stain-
ing, which further confirm the maturity of the differentiated
cells. To further assess the sensitivity to FFAs stimulation,
both types of cells were cultured along with fluorescent FFAs
without supplementing differentiation cocktail. After 4 days’
incubation, BMAPs but not NS-BMSCs displayed significant
lipid accumulation as indicated by the presence of numerous
lipid droplets containing green fluorescent FFAs (Fig. 3G, H).
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FIG. 2. Surface markers expression. (A, B) Flow cytometry analyses of surface markers expression on P6 NS-BMSCs (A) and
BMAPs (B). Surface markers related to hematopoietic cells (lineage markers, CD34, and CD45), macrophages (CD11b), and
BMSCs (CD73, CD90, CD105, and Sca-1) were, respectively, analyzed.

(Continued/)
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FIG. 2. (Continued).
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Gene expression analyses

To further confirm the adipogenic differentiation of
BMAPs, 4 days’ differentiated BMAPs and NS-BMSCs were
assessed by genes expression analyses. On day 4, differen-
tiated BMAPs had already highly expressed all tested adi-
pogenic genes as indicated by conventional PCR (Fig. 4A).
When compared with the NS-BMSCs in real-time PCR,
BMAPs expressed a significantly higher level of all tested
adipogenic genes during 4 days’ differentiation (Fig. 4B,
P < 0.01). Moreover, before differentiation (D0), BMAPs had
already expressed a significantly higher level of adipogenic
genes such as fatty acid-binding protein 4 (Fabp4), CCAAT/
enhancer-binding protein a (Cebpa), adiponectin, and pre-
adipocye factor 1 (Pref1) than NS-BMSCs (Fig. 4B, P < 0.01).
Notably, a particularly high basal expression level of Fabp4
could be observed in the undifferentiated BMAPs ( > 1,000
times higher than that of NS-BMSCs at D0) (Fig. 4B).

Correlation between CD105 expression
and adipogenic potential of BMAPs

At P10, most BMAPs still maintained the ‘‘Sca-1 + CD90 -

CD73 - CD105 + ’’ surface markers expression and high adi-
pogenic differentiation ability (Fig. 5A,C). However, after
P10, surface marker expression of BMAPs gradually swit-
ched to ‘‘Sca-1 - CD90 - CD73 + CD105 - ,’’ co-staining of
CD105 and CD73 on P13 and P16 BMAPs revealed that

CD105 + CD73 - cells gradually changed to CD105 - CD73 +

cells during the conversion (Fig. 5B). Accompanied by
changes in marker expression, the adipogenic abilities of
BMAPs also started to decrease (Fig. 5C). To further deter-
mine the correlations among CD105, CD73, and the adipo-
genic potential of BMAPs, we tested the absorbance of
extracted oil red O stains from differentiated cells during
P10–P18 (every two passages) and calculated their correla-
tions with the surface markers expression at that passage.
Results showed that the CD105’s expression was positively
correlated to the absorbance of extracted oil red O (R = 0.943),
while the expression of CD73 expression displayed in-
verse correlation to the absorbance of oil red O (R = - 0.96)
(Fig. 5D).

Re-enrichment of BMAPs by sorting CD105 + cells

Based on the tight correlation between CD105 and the
adipogenic potential of converting BMAPs, we further tested
whether sorting the CD105 + cells could repopulate the
BMAPs subpopulation (Fig. 6A). Importantly, the CD105 +

sorted cells displayed high adipogenic ability but low oste-
ogenic ability in vitro (Fig. 6A, C). Moreover, their surface
markers expression was also ‘‘Sca-1 + CD90 - CD73 - CD105 + ’’
(Fig. 6B). On the contrary, the sorted CD105 - cells displayed
high osteogenic but low adipogenic abilities (Fig. 6A, C) in
vitro and expressed surface markers similar to BMAPs in
later passages (Fig. 6B). In addition, real-time PCR analysis

FIG. 3. Potent adipogenic differentiation potential of BMAPs. (A) Morphology changes of BMAPs (P8) under adipogenic
differentiation from day 1 to day 4; images indicated the rapid and homogenous differentiation of BMAPs. (B, C) Oil red O
staining of P8 BMAPs (B) and NS-BMSCs (C) after 4 days’ adipogenic differentiation. (D) Absorbance comparison of
extracted oil red O stains from the 4 days’ differentiated BMAPs and NS-BMSCs. (E) Fluorescent view of the 4 days’
differentiated BMAP, oil red O emitted red fluorescence under 500 nm fluorescent excitation. (F) Immunostaining of Perilipin
on the 4 days’ differentiated BMAP. (G, H) incubation of BMAPs (G) and NS-BMSCs (H) with green fluorescent FFAs for 4
days, auto-differentiated cells absorbed green fluorescent FFAs. Nuclei were counter-stained with DAPI. **P < 0.01. Scale bars:
(A, B, E, G, H) = 100 mm; (F) = 25 mm. FFAs, free fatty acids.
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FIG. 4. Gene expression of the adipogenic differentiated BMAPs. (A) Adipogenic genes’ expression on 4 days’ differentiated
BAMPs (P8). Adipogenic genes involved PPAR-g, FABP4, C/EBPa, adiponectin, Pref-1, and Glut-4; GADPH was used as the
positive control. (B) Real-time PCR analysis of adipogenic genes in P8 BMAPs (black) and NS-BMSCs (white) before and
during 4 days’ adipogenic differentiation (day0–day4). Gene expression levels were normalized to the expression of GADPH.
Box in (B) indicated the significant difference of basal FABP4 gene expression levels. **P < 0.01. Pparg, peroxisome pro-
liferator-activated g; Fabp4, fatty acid-binding protein 4; Cebpa, CCAAT enhancer-binding protein alpha; Adipog, adiponetin;
Pref1, preadipocyte factor 1; Glut4, glucose transporter 4; Gapdh, glyceraldehyde 3-phosphate dehydrogenase.
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for CD105 + and CD105 - subpopulations further confirmed
that CD105 + cells expressed a significantly higher basal level
of adipogenic genes than the CD105 - cells, (Fig. 6D).

Discussion

In the current study, we applied a special isolation
method that involved silica microbeads incubation to isolate
BMAPs. Different from previous methods [13,15,18,21], this
method did not require colonies selection or specific markers
for cell sorting; rather, it utilized the different particle-en-
gulfing abilities of different BMSC subpopulations for cell
separation. At first, this method was designed to remove the
abundant contaminating macrophages in the primary mouse

BMSCs due to their high particle-engulfing abilities. How-
ever, unexpectedly, we observed that subpopulation of
BMSCs could also be effectively isolated after incubation
with silica microbeads. These findings suggested that
different subpopulation of BMSCs might possess distinct
particle-engulfing ability, and the subpopulations which
engulfed more particles would be settled down earlier dur-
ing centrifugation in ficoll paque due to the increased cel-
lular density. According to this hypothesis, the BMAPs
might be the subpopulation that possessed low-particle-en-
gulfing ability, as they were left in the interface after cen-
trifugation. However, further studies are still required to
confirm the exact separation mechanisms of this selection
method.

FIG. 5. Changes in surface markers expression and adipogenic differentiation potential in long-term passaged BMAPs: (A)
Alternation of surface markers expression of BMAPs from P10 to P18. (B) Expression of CD105 and CD73 on P13 (top) and
P16 (bottom) BMAPs. (C) Oil red O staining for BMAPs at different passages (P10–P18) after 4 days’ adipogenic differenti-
ation. (D) Correlations between surface markers expression (left, CD105; right, CD73) and average absorbance of extracted oil
red O from differentiated BMAPs (P10–P18). Data used for calculating correlations were averages from three experiments.
Scale bars: (C) = 500 mm.
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Through selection with silica microbeads, a homogenous
‘‘Sca-1+CD73-CD90-CD105+’’ BMSC subpopulation could be
effectively isolated. The most important characteristic of this
subpopulation was when they were maintained in good con-
dition (cells homogeneously expressed ‘‘Sca-1+CD73-CD90-

CD105+’’ surface markers), the whole population was able to
homogenously differentiate to mature adipocytes within 4 days
in vitro, which was even shorter than the differentiation time
line of preadipocyte cell line 3T3-L1 [22]. Concurrently, in
contrast to the high adipogenic ability, these cells only dis-
played low osteogenic and chondrogenic abilities in vitro.
Based on their high propensity for adipogenic differentiation,
the selected cells could potentially be regarded as the adipocyte
progenitors subpopulation within BMSCs.

To further confirm their adipocyte progenitor identities,
gene expression analyses were performed, which discovered
that the potent adipogenic ability of BMAPs was probably
due to their high basal expression levels of adipogenic genes,
such as Cebpa, Fabp4, and adiponectin, which, respectively,
encode the transcription factor, ligand transporter, and adi-
pokine that stimulate adipogenesis [23,24]. Therefore,
the higher basal expression of these genes suggested that
BMAPs were much more committed to adipogenic differen-
tiation than NS-BMSCs. Notably, BMAPs had a particularly
higher basal expression of Fabp4 than NS-BMSCs, which
implied that there existed larger pools of fatty acid-binding
proteins inside BMAPs, which allowed them to efficiently
transport lipid ligands such as FFAs to the nucleus for

FIG. 6. Re-enrichemnt of BMAPs by sorting CD105 + cells. (A) Sorting of CD105 + and CD105 - cells from P14 BMAPs. From
top to bottom, morphology, oil red O staining (4 days’ differentiaton), and alizarin red staining (3 weeks’ differentiation) of the
CD105 - (left) and CD105 + sorted cells. (B) Surface markers expression of CD105 + sorted cells and CD105 - sorted cells at P2
after sorting. (C) Absorbance comparison of the extracted oil red O (left) and alizarin red (right) stains from adipogenic or
osteogenic differentiated CD105 + and CD105 - sorted cells. (D) Comparison of basal adipogenic genes expression between
sorted CD105 + (black bars) and CD105 - (white bars) cells. **P < 0.01. Scale bars: (A) = 200mm for morphologies and oil red O
staining, = 1.6 mm for alizarin red staining.
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inducing adipogenesis [25,26]. Consistent with this hypo-
thesis, BMAPs, but not NS-BMSCs, exhibited significant
lipid accumulation when incubated with FFAs alone. This
FFA-induced adipogenesis has previously been observed in
preadipocytes cell lines [27], and its presence in BMAPs fur-
ther confirmed the preadipocyte-like characteristic of this
subpopulation.

In addition, similar to other primary BMSCs [15], long-
term cultured BMAPs would gradually lose high adipogenic
differentiation ability. During this change, the overall trend
was the conversion from highly adipogenic CD105 + CD73 -

BMAPs to the lower adipogenic CD105 - CD73 + cells. Inter-
estingly, both CD105 (positive correlation) and CD73 (neg-
ative correlation) expressions exhibited tight correlations
with the adpogenic abilities of the converting cells. Based on
these findings, the highly adipogenic subpopulation could be
successfully repopulated by sorting the CD105 + progenies
from later passages. These selected CD105 + cells possessed
similar adipogenic ability and surface marker expression as
BMAPs in early passages, which suggested that they were
the unchanged BMAPs subpopulation within the long-term
passaged ‘‘BMAPs’’ that were composed of different altered
subpopulations. Selection based on this specific marker not
only offered a convenient approach to re-enrich sufficient
number of BMAPs for various applications but also enabled
effective elimination of the altered low adipogenic cells for
maintaining the purity of BMAPs subpopulation. However,
due to the broad expression of CD105 on bone marrow he-
matopoietic and stromal cells, cell sorting based on CD105
alone could hardly isolate a pure BMAPs subpopulation
from heterogeneous BMSCs. Therefore, isolation of a pure
BMAPs subpopulation may still require silica microbeads
selection or sorting with a combination of different markers.

Based on the results just cited, the silica microbeads selec-
tion method had exhibited high effectiveness for selecting
specific subpopulations from primary BMSCs. Even this
method had only been tested in mouse BMSCs, it could pos-
sibly be applied to isolate subpopulations from human pri-
mary BMSCs or even other mixed cell populations as long as
the particle-engulfing abilities were different among subpop-
ulations. Notably, despite the effectiveness, the long-term in-
fluences of this method on BMSCs are still unclear. Even we
have observed that incubation with silica microbeads would
not significantly alter the surface markers expression and dif-
ferentiation abilities of BMSCs (Supplementary Fig. S1), and
the engulfed silica microbeads would be gradually diluted
after cell replication and, finally, disappear; more detailed
studies are required to investigate the long-term influences of
this method on the selected stem cells in future studies.

To summarize, in this study, we developed an efficient
and repeatable approach based on silica microbeads incu-
bation for isolating BMAPs subpopulation from heteroge-
neous BMSCs. To our knowledge, this is the first reported
specific method for BMAPs isolation. With the convenient
isolation method, BMAPs could potentially be developed as
a more specific cellular model for various studies related to
bone marrow adipogenesis.
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