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ABSTRACT

Bonemorphogenetic protein-2 (BMP-2) is a growth factor used to stimulate bone regeneration in clin-
ical applications. However, there are contradicting reports on the functionality of BMP-2 in human
adipose stem cells (hASCs), which are frequently used in tissue engineering. In this study,we analyzed
the effects of BMP-2 on SMAD1/5 signaling, proliferation, and differentiation in hASCs. Our results
indicated that BMP-2 induced dose-dependent (25–100 ng/ml) activation of SMAD signaling. Further-
more, the cell proliferation analysis revealed that BMP-2 (100 ng/ml) consistently decreased the pro-
liferation in all the cell lines studied. However, the analysis of the differentiation potential revealed
that BMP-2 (100 ng/ml) exhibited a donor-dependent dual role, inducing both osteogenic and adipo-
genic differentiation in hASCs. The quantitative alkaline phosphatase (qALP) activity and mineraliza-
tion levels were clearly enhanced in particular donor cell lines by BMP-2 stimulus. On the contrary, in
other cell lines, qALP and mineralization levels were diminished and the lipid formation was en-
hanced. The current study also suggests that hASCs have accelerated biochemical responsiveness
to BMP-2 stimulus in human serum-supplemented culture medium compared with fetal bovine se-
rum. The production origin of the BMP-2 growth factor is also important for its response: BMP-2 pro-
duced in mammalian cells enhanced signaling and differentiation responses compared with BMP-2
produced in Escherichia coli. These results explain the existing contradiction in the reported BMP-
2 studies and indicate the variability in the functional end mechanism of BMP-2-stimulated
hASCs. STEM CELLS TRANSLATIONAL MEDICINE 2015;4:1391–1402

SIGNIFICANCE

This study examined howbonemorphogenetic protein-2 (BMP-2)modulates the SMAD signalingmech-
anism and the proliferation and differentiation outcome of human adipose stem cells (hASCs) derived
from several donors. The results indicate that BMP-2 triggers molecular SMAD signaling mechanisms in
hASCs and regulates differentiation processes in human serum-culture conditions. Importantly, BMP-2
has dual activity, inducing osteogenic and adipogenic differentiation, subject tohASC donor line studied.
These findings explain contradictory previous results and highlight the importance of further studies to
understand how signaling pathways guide mesenchymal stem cell functions at the molecular level.

INTRODUCTION

The bone morphogenetic proteins (BMPs) are the
bestcharacterizedcytokinesproposedtodriveoste-
ogenic differentiation and are used in clinical appli-
cations to stimulate bone regeneration [1]. The
BMPs, which belong to the transforming growth
factor-b family, mediate their biological function
through forming a complex with type I and II
serine/threoninekinasereceptors.Thesereceptors,
in turn, phosphorylate receptor-mediated SMAD-
proteins, including SMAD1, 5, and 8. Activated
SMAD proteins form complexes with SMAD4 pro-
tein and subsequently translocate to the nucleus,

where they cooperate with other DNA-binding
proteins to target specific genes such as distal-

less homeobox (Dlx)-2/5 and osterix (Osx) for

transcriptional regulation [2–4].
Among theBMPs, BMP-2 is best studied in the

context of osteogenesis andhasbeen indicated to

have potential in bone formation. However, mul-

tiple studies have reported contradictory results

of BMP-2 treatment in vitro and in vivo. The

BMP-2 growth factor has been shown to induce

osteogenesis [2, 5] and adipogenesis [6] in bone

marrow-derived mesenchymal stem cell (BMSC)

cultures in vitro as well as in live animal models
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[7, 8]. Also, viral BMP-2 transduction of human adipose stem cells
(hASCs) has been shown toproducemore boneprecursor cells and
calcified matrix than osteoblasts, indicating excellent response of
hASCs to endogenous production of BMP-2 [9]. However, there
are also opposing studies proposing that externally supplemented
BMP-2 has only a very weak response, lack of response, or even
a negative response in MSC osteogenesis [10–12]. There are indi-
cations that BMP-2 stimulus had no impact on its downstream
SMAD-signaling mechanisms, or on expression of osteogenic
genes or osteogenic responses such as mineralization in hASCs
[11]. These contradicting results imply that functionality and oste-
ogenic impact of BMP-2 onBMSCsandhASCs require further study
to verify the benefit of BMP-2 use in clinical applications.

The function of BMP-2 in osteogenic differentiation of BMSCs
and osteoblasts has been proposed to be highly dependent on cel-
lular shape and molecular feedback loops [2, 13], such as coopera-
tive mechanisms with Wnt/b-catenin, fibroblast growth factor
(FGF) [14], andNotch signaling [15–17]. This indicates that the func-
tion of BMPs is intricately regulated by internal and external factors
both positively and negatively, addressing complex molecular
mechanisms functioning cooperatively in BMSC and ASC differenti-
ation processes, as well. The complexity of the regulatory mecha-
nisms also raises the question of whether there is variation in
cellular growth factor responses of cell lines derived from different
individuals. In this study, we investigated the effect of BMP-2
growth factor on signaling mechanisms and on the differentiation
potential of the several hASC donor lines. Our results indicated that
in all the cell lines studied, BMP-2 induced phosphorylation of
SMAD1/5 signaling proteins, activation and translocation into cell
nuclei. Furthermore, hASCs showed variable differentiation re-
sponses to BMP-2 treatment in osteogenic culture conditions, dis-
playing osteogenic or adipogenic outcome depending on the donor
cell line studied. BMP-2 responses in hASCs also showed clear de-
pendence on culture conditions. BMP-2 induced higher SMAD acti-
vation in human serum (HS) conditions versus fetal bovine serum
conditions (FBS). Finally, our results indicated that BMP-2 produc-
tion origin plays an important role in its functionality since BMP-2
produced inmammalian cells induced stronger responses onhASCs
when compared with growth factor produced in E. coli.

MATERIALS AND METHODS

Ethics Statement

This study was conducted in accordance with the Ethics Commit-
tee of the Pirkanmaa Hospital District, Tampere, Finland
(R03058). The hASCs used in this study were isolated from adi-
pose tissue samples acquired from 10 female donors (mean
age: 46625years) undergoing surgery in theDepartmentof Plas-
tic Surgery, TampereUniversity Hospital. Awritten informed con-
sent from all the donors was obtained for the use of the adipose
tissue samples for research purposes.

Adipose Stem Cell Isolation and Culture

Human ASCs were isolated by mechanical and enzymatic proce-
dure as described previously by Lindroos and coworkers [18]. Iso-
latedhASCswere cultured inDulbecco’sModified EagleMedium/
Ham’s Nutrient Mixture F-12 1:1 mixture (Thermo Fisher Scien-
tific Inc., Carlsbad, CA, https://www.thermofisher.com) sup-
plemented with 5% HS (GE Healthcare, Buckinghamshire, U.K.,
http://www.gelifesciences.com), 1% L-glutamine (GlutaMAX;

Thermo Fisher Scientific Inc.) and 1% antibiotics (100 U/ml pen-
icillin and 0.1 mg/ml streptomycin; Thermo Fisher Scientific
Inc.). This medium composition is referred to as basic medium
(BM) in this article. After primary cell culture (passages 1–2),
the surface marker expression of hASCs was analyzed by flow
cytometry (fluorescence-activated cell sorting) (FACSAria;
Becton, Dickinson and Company, Erembodegem, Belgium, http://
www.bdbiosciences.com) (supplemental online data) [18]. The
experiments with hASCs were carried out in passages 1–5.

For the quantitative alkaline phosphatase (qALP) activity,
Alizarin red mineralization analyses, and Oil Red O analyses,
500 cells per well were plated on 24-well plates. In qALP and
Oil Red O analyses, Nunc 24-well plates (Thermo Fisher Scientific
Inc.) and inmineralization studies CellBIND (Corning Inc., Corning,
NY, https://www.corning.com), 24-well plates were used. hASCs
were cultured in 4 different culturing conditions: BM, BM supple-
mented with BMP-2, osteogenic medium (OM; supplemented
with 10 mM b-glycerophosphate, 200 mM L-ascorbic acid 2-
phosphate, and 5 nM dexamethasone), and OM supplemented
with BMP-2. BMP-2 originated from either mammalian cultures
(Chinese hamster ovary cells [CHO]; R&D Systems, Minneapolis,
MN, https://www.rndsystems.com) or from Escherichia coli (Sigma-
Aldrich, St. Louis, MO, https://www.sigmaaldrich.com). BMP-2 was
used in concentration of 100 ng/ml unless otherwise mentioned.
For the Western blot analysis, cells were cultured in 1% HS
(GE Healthcare) and 1% FBS (Thermo Fisher Scientific Inc.).

Real-Time Polymerase Chain Reaction

Quantitative real-timepolymerase chain reaction (qRT-PCR) anal-
ysis of osteogenic andadipogenicmarker geneswasperformedas
described byMesimäki and coworkers [1]. Briefly, 2,000 cells per
well were plated on a 6-well plate (Thermo Fisher Scientific Inc.).
CHO BMP-2 was used in RT-PCR experiments (R&D Systems). The
total mRNAwas isolated at the time points of days 7 and 14 using
the NucleoSpin RNA II kit (Macherey-Nagel GmbH & Co., Düren,
Germany, http://www.mn-net.com). The isolated mRNA was re-
verse transcribed to cDNA with the High-Capacity cDNA Reverse
Transcriptase Kit (Thermo Fisher Scientific Inc.). The data were
normalized to the expression of housekeeping gene RPLP0 (hu-
manacidic ribosomal phosphoprotein P0) and the relative expres-
sion of each gene was calculated using a mathematical model
described previously [19]. The primer sequences (Oligomer Oy,
Helsinki, Finland, http://www.oligomer.fi) and the accession
numbers are presented in Table 1.

Cell Number

The cell number of hASCs cultured in different conditions was ana-
lyzed at 14 and 19 days by CyQUANT Cell Proliferation Assay Kit
(ThermoFisher Scientific Inc.), according to themanufacturer’s pro-
tocol as described by Lindroos et al. and Tirkkonen et al. [18, 20].

Alkaline Phosphatase Activity, Mineralization, and Oil
Red O-Lipid Formation

Analyses of the qALP activity, mineralization, and lipid formation
were conducted as previously described [18, 20]. The activity of
ALP was studied quantitatively at day 14, as described in the Sigma
ALP procedure (Sigma-Aldrich). The qALP activity results were nor-
malized with the cell number from the CyQUANT analysis.

The Alizarin red S staining ofminerals was analyzed at days 14
and 19. Briefly, the cells were fixed with 70% ethanol for 1 hour
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(220°C) followed by staining with 2% Alizarin red S solution
(pH 4.1–4.3; Sigma-Aldrich) for 10minutes at room temperature.
Finally, for the quantitative analysis, the dye staining the calcium
minerals was extracted from the samples with 100 mM cetylpyr-
idinium chloride (Sigma-Aldrich). The intensity of the dye was an-
alyzed with Victor 1420 multiplate reader (PerkinElmer Inc.,
Turku, Finland, http://www.perkinelmer.com) at 540 nm and
the results were normalized with the cell number from the
CyQUANT analysis [18, 20].

To assess the adipogenic differentiation of hASCs at 19 days,
Oil Red O staining was conducted as previously described, with
slight modifications [18, 20]. Cell nuclei were stained with 4’,6-
diamidino-2-phenylindole (DAPI) for 5 minutes before the last
washing steps. DAPI-stained nuclei and the formation of the large
lipid droplets stained with the fluorescent Oil Red O were ana-
lyzed from the microscopy images by using the ImageJ program
(U.S. National Institutes of Health, Bethesda, MD, http://
imagej.nih.gov/ij/). The number of the lipid droplets was nor-
malized with the number of the counted nuclei.

Immunocytochemical Staining

For the analysis of the subcellular localization of activated SMAD1/
5, mesenchymal vimentin and phosphorylated SMAD1/5 were
analyzed by immunocytochemical staining after 0 minutes,
30minutes, and2hours of BMP-2 stimulation (E. coli). For the stain-
ing, 10,000 cells per well were plated on a 48-well plate (Thermo
Fisher Scientific Inc.). Prior to BMP-2 induction, hASCswere starved
for 24 hours in 1% HS medium. At each time point, cells were fixed
with 4% paraformaldehyde (Sigma-Aldrich) supplemented with
0.2% Triton X-100 for 15 minutes at room temperature. Blocking
was donewith 1%bovine serumalbumin (Sigma-Aldrich) for 1 hour
at 4°C. Subsequently, a double staining was conducted with
the following primary antibodies: rabbit monoclonal anti-human-
phosphorylated SMAD1/5 (pSMAD1/5; Cell Signaling Technology,
Danvers, MA, http://www.cellsignal.com) and goat polyclonal
anti-human vimentin (Merck Millipore, Billerica, MA, http://
www.merckmillipore.com) overnight followed by secondary anti-
body staining with anti-goat Alexa 568 (Thermo Fisher Scientific
Inc.) andanti-rabbitAlexa488 (ThermoFisher Scientific Inc.). Finally,
sampleswere imagedusing anOlympusmicroscope (IX51;Olympus
Corp., Tokyo, Japan, http://www.olympus-global.com) equipped
with a fluorescence unit and camera (DP30BW; Olympus Corp.).

Western Blotting and Immunodetection

For theanalysis, 40,000 cells perwellwereplatedona6-well plate
(Thermo Fisher Scientific Inc.) and starved as described above for

immunocytochemicalstaining,beforetreatmentwithBMP-2fromei-
ther CHO cells or E. coli. The medium was changed every third day.
After a culture period of 24 hours, 3 and 7 days hASCs were lysed di-
rectly into 23 Laemmli sample buffer (20% glycerol, 6% SDS, 50mM
Tris pH 6.8, 10% b-mercaptoethanol) and samples were separated
with SDS electrophoresis. After the electrophoretic separation, the
proteins were transferred to polyvinylidene fluoride membrane
(GEHealthcare,Waukesha,WI, http://www3.gehealthcare.com). Af-
ter blocking, the target proteins were probed with the following pri-
mary antibodies: rabbit monoclonal anti-pSMAD1/5 (Cell Signaling
Technology)andmousemonoclonalanti-b-actin(SantaCruzBiotech-
nology, Dallas, TX, http://www.scbt.com) followed by horseradish
peroxidase-conjugated secondary antibodies goat anti-mouse IgG
(Santa Cruz Biotechnology) and anti-rabbit IgG (Cell Signaling Tech-
nology). Proteinsweredetectedusingenhanced chemiluminescence
detection reagent (GEHealthcare). Toanalyze thebasal levels of non-
phosphorylatedSMAD1,thepSMAD1/5blotswerestrippedandblot-
ted by rabbit monoclonal anti-SMAD1 antibody, followed by anti-
rabbit IgG detection (supplemental online data). Semiquantitative
normalization of pSMAD1/5 levels by SMAD1 basal levels was per-
formed using ImageJ analysis software.

Statistical Analysis

Statistical analyses were performed with SPSS version 22 (IBM
Corp., Armonk, NY, http://www.ibm.com). Alizarin red, qALP
analysis, and CyQUANT measurements were performed with
three to four hASC lines with three replicate samples of each.
Oil Red O quantification was analyzed from three to four hASC
lineswith five replicative spots fromeach condition or treatment.
Data are presented as mean6 SD. The pairwise comparisons be-
tween the effects of BMP-2 stimulus on ALP activity, mineraliza-
tion, lipid formation, and cell proliferationwere analyzed by using
a nonparametric Mann-Whitney U test. The resulting p values
were corrected with the Bonferroni multiple adjustment method
based on the number of planned comparisons (supplemental
online data; calculated p values are listed in supplemental
online Tables 2–5). All the differences between and within the
groups with adjusted p # .05 were considered to be significant.

RESULTS

BMP-2 Induces Donor Cell Line-Independent Activation
of SMAD 1/5 Protein in hASCs

To analyze the biological functionality of BMP-2 in MSCs, we ex-
aminedwhetherBMP-2activates the internal SMADpathway. For
this, five different hASC lines (HFSC 41/12, 11/12, 15/12, 6/12,

Table 1. The sequences and accession numbers of the primers used in quantitative real-time polymerase chain reaction

Gene abbreviation 59-Sequence-39 Product size (bp) Accession number

AP2 Forward GGTGGTGGAATGCGTCATG 71 NM_001442

Reverse CAACGTCCCTTGGCTTATGC

Dlx5 Forward ACCATCCGTCTCAGGAATCG 75 NM_005221.5

Reverse CCCCCGTAGGGCTGTAGTAGT

Osterix Forward TGAGCTGGAGCGTCATGTG 79 AF_477981

Reverse TCGGGTAAAGCGCTTGGA

RPLP0 Forward AATCTCCAGGGGCACCATT 70 NM_001002

Reverse CGCTGGCTCCCACTTTGT

Abbreviation: bp, base pair.
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and 8/12) were analyzed after BMP-2 induction at time points 24
hours and 7 days byWestern blotting of levels of phosphorylated
SMAD1/5, total SMAD1, andb-actin as an internal control. Quan-
titative results of the pSMAD1/5 levels revealed that SMAD1/5
was activated robustly by BMP-2 at both time points in all the
hASC lines studied (Fig. 1A). Also, small hASC line-dependent var-
iations of the pSMAD1/5 levels at BMP-2 stimulus were observed
at both time points. However,minor levels of constitutively phos-
phorylated SMAD were apparent also in unstimulated control
samples. Comparison of the effectiveness of BMP-2 produced
in E. coli and in CHO revealed modest SMAD1/5 induction by
BMP-2 produced in E. coli, but clearly enhanced induction by
BMP-2 produced in CHO cells (Fig. 1A).

We also studied the effect of culture conditions on SMAD ac-
tivation. For this purpose, hASCswere cultured inHSor in FBSme-
dium. In both media, pSMAD was activated dose dependently
with BMP-2 stimulus. Surprisingly, BMP-2 produced in E. coli in-
duced higher levels of pSMAD activation in the HS medium (Fig.
2A, 2B). Quantification of the intensity of the pSMAD bands and
normalization to SMAD1 levels revealed that the difference be-
tween HS and FBS media was most apparent at 24 hours and at
7 days. Only higher doses of BMP-2 induced minor induction of
pSMAD in the FBSmedium (Fig. 2A, 2B). Similar findings were ap-
parent also when SMAD activation of the osteoblast cell line and
hBMSC line was analyzed in HS and FBS media in the presence of
BMP-2: The SMAD was activated dose dependently by BMP-2 in
the HSmedium, whereas in the FBS medium, the overall levels of
pSMAD were decreased at all time points (supplemental online
Fig. 1; supplemental online data).

BMP-2 Activated SMAD Translocates to Nucleus
in hASCs

In a first step, the functionality of recombinant human BMP-2 sig-
naling was analyzed from the total cell lysates by Western blot.
However, we wanted to study whether the phosphorylated
SMAD retains its functionality and the signal is actually trans-
ferred to the nucleus of hASCs for the transcriptional processes.
To further analyze the functionality of BMP-2,weperformedanal-
ysis of the translocation of activated SMAD1/5 by immunocyto-
chemical staining (human fat stem cell [HFSC] 7/12). Our
results indicated that after 30 minutes of BMP-2 growth factor
stimulus, pSMAD 1/5, stained with green, translocated into cell
nuclei and remained there after 2 hours from the start of the stim-
ulation. The red staining in Figure 1B indicates mesenchymal
vimentin protein. Some of the pSMAD1/ 5 were also observed
in unstimulated cells, indicating a minor level of basal SMAD ac-
tivation (Fig. 1B). To gain a broader picture, we also performed
the analysis of the SMAD translocation in BMSCs, 3 other hASC
lines (HFSC 41/12, 15/12, and 25/12), and osteoblasts. These
results indicate that SMAD1/5 is activated and translocated
to nuclei in all the cell types studied by both BMP-2 growth fac-
tors (ie, those produced in E. coli and in the CHO cell line)
(supplemental online Figs. 2, 3) and confirms that BMP-2 is
a functional trigger for the SMAD-related molecular mecha-
nisms in MSCs.

The Activity of the Early Osteogenic Marker ALP Is
Differentially Enhanced by BMP-2 in hASCs Lines

To analyze the functional outcome of BMP-2-SMAD signaling, we
performed quantitative analysis of the early osteogenic marker,

normalized alkaline phosphatase (ALP) enzymatic activity in BM
and OM culture conditions in different hASC lines. Our results in-
dicated that the BMP-2-induced response of ALP activity was
highly variable between hASC lines. Based on our results, BMP-
2 does not modulate qALP levels in BM; however, clear differ-
ences were apparent when cells were treated with BMP-2 in
OM. From the studied hASC lines, we could clearly distinguish 2
types of responses to BMP-2 stimuli. Some cell lines showed en-
hancement of the qALP levels due to BMP-2 stimulus (Fig. 3A),
whereas in others, qALP levels were diminished or retained at
the same level by BMP-2 treatment (Fig. 3B). However, cell pro-
liferation analysis by the CyQUANT method revealed that BMP-2
treatmentdecreases theproliferationefficiency in all the cell lines
studied in both BM and OM (Fig. 3A, 3B). To further analyze this
differential behavior, we used hASC lines expressing opposing re-
sponses to BMP-2 stimulus. hASCs were separated into 2 groups,
group I (HFSC 41/12, 11/12, 9/12) and group II (HFSC 15/12, 6/12,
and 7/12), based on whether the BMP-2 enhanced or decreased
ALP activity, respectively. As indicated in Figure 3C and 3D, qALP
results from cell lines in each groupwere combined, showing that
BMP-2 enhanced ALP activity in group I and decreased activity in
group II. Also, BMP-2 addition significantly decreased prolifera-
tion levels of hASCs in BM and OM in both groups (Fig. 3C).

Mineralization of hASCs Is Differentially Promoted
by BMP-2

To further analyze the osteogenic differentiation potential of
BMP-2 (CHO), we performed Alizarin red mineralization analysis
at timepoints of 14 and19days in BMandOMconditions. Alizarin
red color formation due to mineralization of the samples was an-
alyzed qualitatively (Fig. 4C) but also quantitatively (Fig. 4A, 4B,
and 4D) by extraction of the color andmeasurement of the inten-
sity of the extracted stain. Altogether, eight different hASC lines
were analyzed and divided into groups I and II based on their re-
sponse toBMP-2 inALPanalysis (HFSC41/12, 9/13, 11/12, and19/
11 in group I; HFSC15/12, 44/12, 6/12, and7/12 in group II). There
was a significant difference between hASCs in their BMP-2-
inducedmineralization inOM.hASC lines in group I showedprom-
inent enhancement of themineralization at day 19. Also 3 of 4 cell
lines showed a significant increase at day 14 (Fig. 4A, 4D).

On the contrary, hASC lines in group II did not show any sig-
nificant enhancement of mineralization in response to BMP-2
stimulus at any of the analyzed time points or in either medium.
Actually, somehASC lines ingroup II haddecreasedmineralization
levels in BMP-2-supplemented OM (Fig. 4B). Qualitative analysis
of mineralization of hASC lines HFSC 41/12 from group I versus
HFSC 15/12 from group II confirmed this finding, showing clearly
enhanced mineralization in the hASC line from group I and de-
creased levels of mineralization in hASC of group II in BMP-2-
supplemented OM (Fig. 4C). Finally, the mineralization results
from the hASC lines in each group were combined, and showed
that BMP-2 significantly increased mineralization in group I and
decreased it in group II (Fig. 4D).

BMP-2 Growth Factor From Mammalian Origin
Efficiently Modulates ALP Activity and Mineralization
of hASCs

In order to study whether the production origin of the BMP-2
growth factor influences the response of hASCs, we analyzed
the effect of BMP-2 from E. coli and mammalian CHO cells. We
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analyzed cell proliferation, qALP activity, andmineralization capac-
ity of two donor cell lines, 15/12 (group II) and 41/12 (group I),
stimulated with BMP-2 produced in E.coli and CHO. CyQUANT
proliferation analysis revealed that with both BMPs, the prolif-
eration of hASCs was decreased under all conditions. However,

BMP-2 produced in CHO cells decreased proliferation more ef-
ficiently comparedwith BMP-2 from E. coli (Fig. 5A, 5B). Analysis
of qALP and mineralization revealed that BMP-2 produced in
CHO cells had a greater capacity to modulate the changes in
OM in both cell lines. Also, the results between the cell lines

Figure 1. BMP-2 induced phosphorylation of SMAD1/5 and translocation into nuclei. (A): Representative image of Western Blot analysis of
SMAD1/5 phosphorylation, basal SMAD1, and b-actin levels in BMP-2 induction. BMP-2 was used in amount of 100 ng/ml, and BMP-2 from
Sigma was produced in Escherichia coli, whereas BMP-2 from R&D was produced in CHO cells. Analysis time points were 24 hours and 7 days,
and human adipose stem cell (hASC) lines used were HFSC 41/12, 15/12, 11/12, and 6/12. Phosphorylated SMAD levels were quantified by
normalizing them with SMAD1 basal protein levels by using the ImageJ analysis tool. (B): Immunocytochemical analysis of translocation of
p-SMAD1/5 was performed at 3 time points: 0 minutes (Ctrl), 30 minutes, and 2 hours. In the representative images, the hASC line used
was HFSC 7/12; BMP-2 (E. coli) was used in a concentration of 100 ng/ml. Primary antibodies (p-SMAD1/5 [green] and vimentin [red]) and sec-
ondary antibodies (Alexa fluor 568 and 488) were used to detect the subcellular localization of p-SMAD1/5 and cytoplasmic vimentin proteins.
Scale bar = 200mm. Abbreviations: BMP-2, bonemorphogenetic protein-2; CHO, Chinese hamster ovary; HFSC, human fat stem cell; R&D, R&D
Systems; Sigma, Sigma-Aldrich.
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were opposing, so the 15/12 cell line showed decreased qALP
activity and mineralization, whereas cell line 41/12 clearly
showed increased qALP activity and mineralization in OM sup-
plemented with BMP-2 (Fig. 5A, 5B). Our results indicated that
as in ALP activation and mineral formation, BMP-2 produced in
CHO cells was the most efficient inducer of hASCs.

BMP-2 Induces High Expression of Osteogenic and
Adipogenic Markers and Formation of Lipid Vacuoles
in hASCs

During the mineralization assays, we observed that some of the
hASC lines produced large amounts of lipid vacuoles in the pres-
ence of BMP-2. Thus, we investigated further whether BMP-2 ac-
tually inducesadipogenic differentiation in someof thehASC lines
studied. We analyzed expression levels of the adipogenic marker
adipocyte protein 2 (AP2), and the osteogenic markers osterix
(Osx) and Dlx5 in hASC lines from group I and II. At day 7, BMP-
2 (CHO) induced elevated expression of osteogenic markers
osterix and Dlx5 and, at day 14, remarkably high levels of AP2.
Expression levels of both osteogenic and adipogenic markers
varied among hASC lines (Fig. 6A), but levels were not depen-
dent on the group in which they were previously classified (data
not shown). These results suggested that BMP-2 growth factor
could induce osteogenic as well as adipogenic differentiation in
hASCs and prompted us to further analyze the effect of BMP-2
stimulus on adipogenic differentiation in BM and OM. For this
purpose, we performed Oil Red O staining of lipid vacuoles

and semiquantitative analysis of lipid formation with ImageJ
analysis at day 19.

BM and OM induced modest lipid formation in all the hASC
lines studied.However, BMP-2 treatment induced statistically sig-
nificant lipid formation in hASC lines from group II, whereas in
hASCs from group I, we did not observe any significant enhance-
ment of the lipid formation (Fig. 6B, 6C).

Wealsowanted toanalyze further the relevanceof theBMP-2
production origin (ie, E. coli or CHO). Qualitative and semiquan-
titative Oil Red O analysis of the lipid formation of hASC lines
41/12 (group I) and 6/12 (group II) revealed that lipid formation
was significantly enhancedwith both types of BMP-2 in hASC line
6/12, although, CHO-produced BMP-2 induced higher levels of
lipid formation compared with BMP-2 of E. coli origin. None of
the BMP-2 types induced any significant lipid formation in hASC
line 41/12 (Fig. 6B, 6D).

DISCUSSION

Osteoinductive BMP-2 is the most prominent growth factor used
in clinics in recent years [1, 21–23]. Unfortunately, recent publi-
cations describing BMP-2 efficacy on BMSCs and ASCs have been
contradictory, and its role as an osteoinducer has been ques-
tioned [6, 11, 12, 20]. The current study aimed to further analyze
the effect of BMP-2 growth factor in vitro on several hASC lines
derived fromdifferent donors and tountangle theexisting contra-
dictions in previous results in our laboratory and among other
laboratories.

Figure 2. BMP-2 induced SMADactivation inHS and FBSmedia. (A):Representative image ofWestern Blot analysis of BMP-2-induced SMAD1/
5phosphorylation, basal SMAD1, andb-actin levels inHSandFBSmedia. BMP-2 (Escherichia coli)wasused inamountof 0, 25, 75, and100ng/ml.
Analysis time pointswere 24 h, 3 days, and 7 days, and the hASC line usedwas human fat stem cell (HFSC) 8/12. (B): Semiquantitative analysis of
phosphorylated SMAD1/5 levels normalized with SMAD1 levels. Quantification was performed with the ImageJ analysis program. Abbrevia-
tions: BMP-2, bone morphogenetic protein-2; FBS, fetal bovine serum; HS, human serum.
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Our results indicated that the functional mechanism of BMP-
2-induced SMAD activation was present in all studied hASCs,
hBMSCs, and osteoblasts, testifying to the molecular functional-
ity of the BMP-2 growth factor and its receptor. Previous in vitro
studies investigating the action of the BMP-2 in hASCs have sug-
gested a lack of the BMP-2 effect or even a decreasing effect on
the osteogenic differentiation of hASCs [11, 12, 20]. In these

studies, ALP activity, mineralization, or gene expression of oste-
ogenic markers such as Dlx5 and Osx were not affected by
BMP-2 supplementation. Also BMP-2-related SMAD phosphory-
lation levels analyzed by Western blot and immunocytochemical
staining were unaffected [11]. Our results with BMP-2 indicated
that all of the studied hASC lines do respond tomammalian BMP-
2, but the biological outcome in the differentiation process varies

Figure 3. BMP-2 induction of ALP activity in human adipose stem cells. (A, B): qALP activity (three replicate samples per condition) normalized
with fluorescent values from CyQUANT cell number analysis. Lower panels present fluorescence values from CyQUANT cell number analysis.
hASC lines HFSC 41/12, 11/12, 19/11 represent group I (A) and hASC lines HFSC 6/12, 7/12, and 15/12 represent group II (B). (C): Results from
group Iweregrouped together andgiven asnormalizedqALPvalues and fluorescence values fromCyQUANTcell number analysis (three cell lines
and three replicate samples per condition). (D): The same was done to group II. Results are expressed as mean6 SD. ALP results were stan-
dardized to the control condition. The BMP-2 (CHO) concentrationwas 100 ng/ml. Statistical analysis was performedwith theMann-WhitneyU
test and with Bonferroni correction. The level of significance was set at p, .05. Abbreviations: ALP, alkaline phosphatase; BM, basic culture
medium; BMP-2, bone morphogenetic protein-2; HFSC, human fat stem cell; n.s., not significant; OM, osteogenic medium; qALP, quantitative
alkaline phosphatase.
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Figure 4. Impact of BMP-2 onmineralization of human adipose stem cells (hASCs). (A, B):Quantitative analysis of Alizarin red Smineralization
assay normalized with fluorescence values from CyQUANT cell number analysis (three replicate samples per condition). Fluorescence values in
the lower panels are from CyQUANT cell number analysis of hASC lines HFSC 41/12, 11/12, 19/11, and 9/13 representing group I (A), and hASC
lines HFSC 6/12, 7/12, 44/12, and 15/12 representing group II (B). Results from group I were grouped together and represented as normalized
Alizarin red S values; the lower panel presents fluorescence values fromCyQUANT cell number analysis. (D): The samewas done to group II (four
cell lines and three replicates per condition). (C):Qualitative analysis ofmineralization by Alizarin red S staining of HFSC lines 41/12 (group I) and
15/12 (group II). Images are from the whole 24-well area. Results are expressed as mean6 SD. Alizarin red S results were standardized to the
control condition. The amount of BMP-2 (CHO) usedwas 100 ng/ml. Statistical analysis was performedwith theMann-WhitneyU test andwith
Bonferroni correction. The level of significance was set at p , .05. Abbreviations: BM, basic culture medium; BMP-2, bone morphogenetic
protein-2; ctrl, control; HFSC, human fat stem cell; OM, osteogenic medium; R&D, R&D Systems.
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fromone donor line to another. However, one common function
for BMP-2 was observed in all hASCs studied: BMP-2 consider-
ably decreased hASC proliferation rates. The same effect can
be seen also in our previous work, where BMP-2 was studied
in combinationwith biomaterials, bioactive glass, andb-tricalcium
phosphate [12].

Our current results revealed that BMP-2 exerts dual action in
differentiation processes of hASCs, and two types of donor cell
lines could be distinguished based on their responses. High levels
of BMP-2-induced mineralization were expected because of our
results of SMAD activation at themolecular level. However, anal-
ysis of the expression of adipogenic marker gene AP2 revealed
that in the presence of OM and BMP-2 stimulus, all hASC lines
studied expressed remarkably high levels of this marker regard-
less of indicated group. Furthermore, some hASC lines clearly
had a greater tendency toward adipogenic differentiation, as in-
dicated by qualitative and quantitative Oil Red O lipid staining
(Fig. 6). We also observed heterogeneity in the differentiation
capacity within some donor cell lines, with simultaneous miner-
alization and lipid formation seen in some phase of the differen-
tiation process. However, broader analysis of hASC lineswould be
required to confirm this heterogeneous behavior.

Our findings indicate that the functional outcome differs sub-
stantially among hASC lines; most likely, this is dependent on the
other cooperative signaling mechanisms in addition to BMP-2.
There are several reports and reviewsdescribingmolecularmech-
anisms of osteogenic and adipogenic differentiation of BMSCs
and ASCs, indicating that critical molecular switches are usually

part of Wnt, BMP, Notch, and FGF signaling cascades functioning
cooperatively in regulation of these events [7, 24–26]. It is plau-
sible that some hASC donor lines used in our studies have more
adipocyte commitment andmore functional adipogenic signaling
pathways comparedwith others. Thus, hypothetically, these cells
might be sensitized for BMP-2 functions toward adipogenic sig-
naling mechanisms and, as a result, we observed enhanced lipid
formation instead of mineralization upon BMP-2 stimulus. Park
and coworkers reported that BMP-2 induces osteogenic and
adipogenic differentiation of human alveolar bone-derived stro-
mal cells [6]. In their study, dose-dependent adipogenic and oste-
ogenic effects of BMP-2 were studied separately in adipogenic
and osteogenic media. However, as a further distinction from
their work, our study was performed in its entirety in basic and
osteogenic culture conditions.

Cell surface marker analysis of the hASCs (supplemental online
Table 1; supplemental online Fig. 4) revealed that average
expression of the CD marker 34 was relatively high, whereas
CD marker 73 expression was lower than stated in the Interna-
tional Society for Cellular Therapy minimal criteria for multipo-
tent MSCs [27]. Based on previous publications by Patrikoski
and coworkers [28] and Mitchell and coworkers [29], hASCs
have changes in surface marker expression levels due to multi-
plied passages of the cells. However, in this study, hASCs in
groups I and II had a similar CD marker expression pattern
(supplemental online Fig. 4), suggesting that variation in ex-
pression of CD markers analyzed in this study was not related
to differentiation outcome of BMP-2 stimulus. hASC lines in

Figure 5. Comparison of the effectiveness of BMP-2 produced inmammalian cells (Chinese hamster ovary [CHO]) and in Escherichia coli. (A, B):
qALP activity (A) and Alizarin red S values (B) normalized with fluorescence values from CyQUANT cell number analysis. Lower panels present
fluorescence values fromCyQUANT cell number analysis. Presented human adipose stemcell lines areHFSC41/12 (group I) and 15/12 (group II).
Results are expressed asmean6 SD.ALP resultswere standardized to the control condition. Theamount ofBMP-2 (E. coli [Sigma] or CHO [R&D])
usedwas 100 ng/ml. Abbreviations: ALP, alkaline phosphatase; BM, basic culturemedium; BMP-2, bonemorphogenetic protein-2; ctrl, control;
OM, osteogenic medium; qALP, quantitative alkaline phosphatase; R&D, R&D Systems; Sigma, Sigma-Aldrich.
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groups I and II had variation in donor age such that the average
age in group I was 366 15 years and, in group II, 566 14 years
(data not shown). Based on this finding, it is tempting to spec-
ulate that hASCs derived from younger donors would have
higher potential to demonstrate BMP-2-induced osteogenesis
than cells from older individuals.

Our results indicate that the functionality of BMP-2 is dis-
tinctly dependent on culture conditions. Western blot analysis
of the phosphorylated SMAD1/5 indicated that the intracellular
impact of BMP-2 in hASCs, hBMSCs, and osteoblasts was stronger
in the HS medium than the FBS medium. The explanation for the
different response to BMP-2 in HS and FBSmedia might be found

Figure 6. Expression of osteogenic/adipogenic marker genes and lipid formation in human adipose stem cells (hASCs). (A): Quantitative po-
lymerase chain reactionanalysis of relativemRNAexpressionofosteogenicmarkersDlx5andosterix (Osx)at the7-day timepoint andadipogenic
marker AP2 at the 14-day time point (3 hASC lines from group I and group II each were used). The amount of BMP-2 (CHO; R&D) used was
100 ng/ml. (B): Qualitative analysis of Oil Red O staining of lipid vacuoles (bright red) and nuclei of the cells (blue) at the 19-day time point. The
amount of BMP-2 (CHO and Escherichia coli) used was 100 ng/ml. (C): Quantitative analysis of the Oil Red O lipid formation normalized with
amount of nuclei in hASC lines in group I (n= 15) and group II (n=20). The amount of BMP-2 (CHO) usedwas 100ng/ml. (D):Quantitative analysis
of theOil RedO lipid formation normalizedwith the amount of nuclei in hASC lines 41/12 and6/12 (n=5). The amount of BMP-2 (E. coliandCHO)
used was 100 ng/ml. Statistical analysis was performed with the Mann-Whitney U test and with Bonferroni correction. The level of signif-
icancewas set at p, .05. Quantitative analysis was performed by the ImageJ analysis program. Abbreviations: AP2, adipocyte protein 2; BM,
basic culture medium; BMP-2, bone morphogenetic protein-2; CHO, Chinese hamster ovary; Dlx, distal-less homeobox; OM= osteogenic
medium; DAPI, 4’,6-diamidino-2-phenylindole.
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in the differential expression of BMP receptors on the cell surface
of hASCs. Most critical for the functionality of the BMP-2 growth
factor is the responsive BMP receptor complex. BMPs exert their
diverse biological effects through two types of transmembrane
receptors, BMPR-I and BMPR-II, possessing the intrinsic serine/
threonine kinase activity [30–32]. The binding of dimeric BMP
ligands to heterotetrameric receptors activates their cytoplasmic
kinase domain and further receptor-specific SMADs [33, 34].
However, the existence of the BMP-2 receptor on the hASC sur-
face in the FBS medium has been indicated in the extensive stud-
ies by Zuk and coworkers [11, 35], suggesting that this might not
be the definitive cause for the dysfunction of SMAD signaling
mechanisms in hASCs. Furthermore, in this study, we tested
only 1 brand of FBS; presumably, FBS from different manufac-
turers might have displayed a variable impact on BMP-2 func-
tionality. Also, the bioactivity of the actual growth factor can
vary in different culture conditions, since components of the
FBS could actually inhibit the action of otherwise functional
BMP-2 growth factor. Zuk and coworkers also disclosed an in-
teresting possibility in their discussion referring to the differen-
tial miRNA expression of the hASCs as at the root of their BMP-2
responsiveness [11].

The conformation of the BMP-2 growth factor is also a very
important issue for its biological functionality [36].We compared
the effect of human recombinant BMP-2 produced in E. coli and
mammalian CHO cells on proliferation and osteogenic and adipo-
genic differentiation of hASCs. Our results clearly indicated that
hASCs responded to mammalian-produced BMP-2 more effi-
ciently. BMP-2 produced in CHO cells had a marked but donor-
dependent impact on mineralization and lipid formation of
hASCs. BMP-2 produced in E. coli also induced these processes,
but the effect was clearly diminished compared with CHO-
produced BMP-2. In all the hASC lines studied, both BMP-2 types
also decreased proliferation of the donor cell line independently,
although CHO-produced BMP-2 was more effective. This is proba-
bly due to more physiological conformation of the CHO-produced
growth factor and that proteins produced in the mammalian sys-
tem have been processed by cells with posttranslational glyco-
sylation, unlike proteins produced in bacterial systems [36].
Therefore, the use of different types of growth factors might also
partially explain variable results reported from several BMP-MSC
studies. Variability in culture conditions, arrangements of respon-
sive receptors, expressionof growth factorsby cells in certain con-
ditions, status of the different populations, and internal cellular
mechanisms might explain the fluctuating outcome of hASCs in

BMP-2 stimulus and further studies are required to clarify molec-
ular signaling and functional outcome in this context.

CONCLUSION

We examined how BMP-2modulates signaling mechanisms, pro-
liferation, and differentiation outcome of hASCs derived from
several donors. Our results show that BMP-2 triggers molecular
SMAD signaling mechanisms in hASCs and regulates differentia-
tion processes in HS medium. The production origin of BMP-2
has an important role in its functionality on hASCs, since BMP-2
produced in mammalian cells induced higher responses than
counterparts produced in E. coli. Based on our results, BMP-2
has two mechanisms of action, inducing osteogenic and adipo-
genic differentiation, depending on the hASC donor line. These
findings partially explain contradictory previous results and high-
light the importance of further studies to understand how signal-
ing pathways guide MSC functions at the molecular level.
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