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ABSTRACT

The secretome of stem cells strongly determines the outcome of tissue engineering strategies. 
We investigated how the secretome of human adipose stem cells (hASCs) is affected 
by substrate, BMP-2 treatment, and degree of differentiation. We hypothesized that as 
differentiation progresses, hASCs produce increasingly more factors associated with processes 
such as angiogenesis and bone remodeling.
 Human ASCs were treated for 15 min with BMP-2 (10 ng/ml) to enhance osteogenic 
differentiation, or with vehicle. Subsequently, hASCs were seeded on plastic or on biphasic 
calcium phosphate (BCP) consisting of 60% hydroxyapatite and 40% β-tricalcium phosphate. A 
PCR array for ~150 trophic factors and differentiation-related genes was performed at day 21 of 
culture. A limited set of factors was quantified by qPCR at days 0, 4, 14 and 21, and/or ELISA at 
day 21.
 Compared to plastic, BCP-cultured hASCs showed ≥2-fold higher expression of ~20 
factors, e.g. cytokines such as IL-6, growth factors such as FGF7 and adhesion molecules such 
as VCAM1. Expression of another ~50 genes was decreased ≥2-fold on BCP vs. plastic, even 
though hASCs differentiate better on BCP than on plastic. BMP-2-treatment increased the 
expression of ~30 factors by hASCs seeded on BCP, while it decreased the expression of only 
PGF, PPARG and PTN. Substrate affected hASC secretion of Activin A and seemed to affect 
P1NP release. No clear association between hASC osteogenic differentiation and growth factor 
expression pattern was observed.
 Considering our observed lack of association between the degree of differentiation and 
the production of factors associated with angiogenesis and bone remodeling by hASCs, future 
bone regeneration studies should focus more on systematically orchestrating the secretome of 
stem cells, rather than on inducing osteogenic differentiation of stem cells only. Short incubation 
with BMP-2 may be a promising treatment to enhance both osteogenic differentiation and 
environmental modulation.

KEY WORDS:
Adipose stem cells; trophic factors; secretome; BMP-2; osteogenic differentiation; calcium 
phosphate.

ABBREVIATIONS:
(h)ASC, (human) adipose stem cell
BCP, biphasic calcium phosphate
BMP-2, bone morphogenetic protein-2
GAPDH, glyceraldehyde 3-phosphate dehydrogenase
PCR, polymerase chain reaction
YWHAZ, tyrosine 3-monooxygenase/tryptophan 5-monooxygenase activation protein, zeta 
polypeptide
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INTRODUCTION

Three components are considered to play a key role when developing a tissue engineered 
construct to repair large bone defects: mesenchymal stem cells (MSCs), an osteoconductive 
matrix, and inductive factors1, 2. These components are supposed to create a bio-active construct 
that, once implanted, contributes to the repair of bone. In the past decade, a vast amount of 
in vitro research has been performed on the proper combination of stem cells, substrate and 
inductive factors that induces osteogenic differentiation of stem cells, and enhances bone matrix 
formation by these cells 3-6. These investigations have led to valuable insights into the biological 
processes leading to stem cell differentiation. However, translation of these basic research data 
towards clinical application has proven difficult, partly because tissue engineering strategies that 
are interesting from an academic point of view often lack clinical applicability, and partly because 
a true understanding of the nature of the multitude of factors driving bone healing is still lacking. 
 Adipose tissue is a rich source of MSCs, from which adipose-derived mesenchymal 
stem cells (ASCs) can be obtained in clinically relevant quantities and seeded on carriers within 
a single operative procedure with minimal patient discomfort. This so called “one-step surgical 
concept” has been preclinically tested in a goat spinal fusion model 7, 8, and hASCs are currently 
being applied to enhance jaw bone height using maxillary sinus floor elevation in humans, using 
calcium phosphate as a carrier 1. 
 MSCs not only differentiate, but also have been shown to have a modulatory and 
chemo-attractive effect on their microenvironment 9, 10, which strongly contributes to the 
regeneration of tissues such as bone 11-13. MSCs produce numerous trophic factors that play 
a major role in the onset of fracture repair, inflammation modulation, and concomitant events 
such as angiogenesis and bone remodeling 14-17. ASCs have been shown to secrete a plethora 
of trophic factors. For example, ASCs secrete VEGF, and thus potentially stimulate the start of 
the vascularization process when implanted in vivo 17. VEGF promotes the growth of vascular 
endothelial cells in vitro and induces vascular leakage in vivo, which is important in inflammation 
control and de novo blood vessel formation and sprouting 18. ASCs also produce members of the 
fibroblast growth factor and transforming growth factor-ß family 19. Thus, ASCs produce factors 
that potentially support bone regeneration in vivo.
 Bone regeneration is a complex event in which intercellular communication between 
implanted cells and their surrounding cell types is extensive and crucial in orchestrating the 
repair process 20-23. To date, little is known about the set of secreted trophic factors produced by 
ASCs that influence the aforementioned regeneration processes. It is also largely unknown how 
substrate and growth factor stimulation affect the secretome, and how the secretome of ASCs 
changes during their osteogenic differentiation. Therefore we investigated the dynamic changes 
in the secretome of hASCs cultured on two different substrates, while stimulating osteogenic 
differentiation by treatment with BMP-2. We hypothesized that as differentiation progresses, 
hASCs produce increasingly more factors associated with processes such as angiogenesis and 
bone remodeling.
 PCR array was performed to compare the gene expression levels of trophic factors 
produced by hASCs that were pre-treated with BMP-2 or with vehicle, seeded on plastic or on
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biphasic calcium phosphate (BCP), and cultured for 21 days. Previously we showed that a 
short BMP-2 treatment (15 min, 10 ng/ml) of hASCs induces osteogenic differentiation after 14 
and 21 days of culture. The lowest amount of differentiation was observed when hASCs were 
seeded on tissue culture plastic, and the most was seen when cells were seeded on calcium 
phosphate carriers 21, 22. In the current study we found that substrate and BMP-2 treatment, but 
not the degree of osteogenic differentiation exerted a strong modulatory effect on trophic factor 
production by hASCs.
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MATERIALS AND METHODS

Donors
Adipose tissue was harvested from residues of abdominal wall resections of 3 donors, aged 
28, 44, and 58, who underwent elective abdominal wall correction at the Tergooiziekenhuizen 
Hilversum, The Netherlands. The Ethical Review Board of the VU Medical Center, Amsterdam, 
The Netherlands, approved the protocol. Informed consent was obtained from all patients. 

Calcium phosphate scaffold
For this study we used Straumann® BoneCeramic (Straumann, Basel, Switzerland), a porous 
biphasic calcium phosphate (BCP) scaffold with 60% hydroxyapatite and 40% ß-tricalcium 
phosphate.

hASC isolation
hASCs were isolated from the resection material as described earlier with minor modifications 
24. Adipose tissue was cut into small pieces, and enzymatically digested with 0.1% collagenase 
A (Roche® Diagnostics GmbH, Mannheim, Germany) for 45 min at 37ºC in phosphate-buffered 
saline (PBS) containing 1% bovine serum albumin (BSA; Sigma-Aldrich®, St. Louis, MO, 
USA) under intermittent shaking. A single cell suspension was obtained by filtration through 
a 100 µm mesh filter. After thorough washing with PBS containing 1% BSA, a Ficoll® density 
centrifugation step (1.077 g/ml Ficoll®, 280 ± 15 mOsm; Lymphoprep®, Axis-Shield, Oslo, 
Norway) was performed to remove remaining erythrocytes from the stromal vascular fraction 
(SVF). After centrifugation at 600xg for 10 min, the resulting SVF pellet containing the hASCs 
was resuspended in expansion medium composed of Dulbecco’s modified Eagle’s medium 
(DMEM; Gibco®, Paisley, UK) containing 10% fetal bovine serum (Gibco®) supplemented with 
500 µg/ml streptomycin sulphate (Sigma-Aldrich®, St. Louis, MO, USA), 500 µg/ml penicillin 
(Sigma-Aldrich®), and 2.5 µg/ml amphotericin B (Gibco®). Cell viability was assessed using the 
trypan blue exclusion assay. Cells were counted using light microscopy and immediately seeded 
as indicated below, or cells were resuspended in Cryoprotective medium (Freezing Medium, 
BioWhittaker®, Cambrex, Verviers, Belgium), frozen under “controlled rate” conditions, and 
stored in liquid nitrogen until further use.

hASC seeding, attachment and culture
Fresh-frozen SVF was, after thawing, directly used for the experiments, i.e. without a preculture 
step. SVF was seeded at 2.5x105 cells/well in 12-well plates and left to attach for 3 hours, after 
which non-adherent cells were removed by washing with PBS. The resulting culture contains a 
high percentage ASCs. Alternatively, SVF was either or not incubated for 15 min with 10 ng/ml 
BMP-2 in PBS (Peprotech®, London, UK) at 37°C after which SVF cell suspensions were seeded 
at 2.5x105 cells per 25-35 mg of BCP scaffold in 2 ml tubes (Eppendorf Biopur®, Hamburg, 
Germany). Attachment was allowed for 30 min, after which cell-seeded scaffolds were washed 
with PBS. Cell seeded BCP scaffolds were transferred to 12-well plates in Costar®Transwell® 
plates (Corning Life Sciences®, Lowell, MA, USA). All well plates received expansion medium 
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(DMEM) supplemented with 10% fetal bovine serum and antibiotics, with different additives 
depending on the scaffold: Cells seeded on BCP were supplemented with 50 mg/ml ascorbic 
acid (Merck®, Darmstadt, Germany), whereas their counterparts seeded on tissue culture plastic 
were supplemented with ascorbic acid and b-glycerol phosphate (10 mmol/l) as phosphate 
source. Culture was performed for up to 21 days in 5% CO2 at 37°C in a humidified atmosphere, 
and medium was changed three times a week.

PCR analysis of trophic factor expression by hASCs
At day 0, 4, 14 and 21 of culture, cell-seeded BCP scaffolds and trypsin-EDTA dissociated ASCs 
from the tissue culture plastic wells were transferred to 2 ml tubes (Eppendorf Biopur®, Hamburg, 
Germany), and washed with PBS. RNA was extracted using Trizol® reagent (Invitrogen®, 
Carlsbad, USA) according to manufacturer’s instructions, and stored at -80°C prior to further 
use.
 For PCR Array, experiments were performed with cells from 2 donors. RNA samples 
from both donors, obtained at day 21, were separately converted to cDNA. cDNA was made 
with 1 mg total RNA, using the RT2 First Strand Kit (QIAGEN®, SABiosciences, Frederick, USA) 
in a thermocycler GeneAmp PCR System 9700 PE (Applied Biosystems®, Foster City, CA). 
Subsequently, the PCR Array kits ‘Cytokines’ and ‘Mesenchymal Stem Cells’ (QIAGEN®) were 
employed according to the manufacturer’s guidelines. Fifteen genes were present in both kits. 
Within each experiment we averaged the expression levels of those genes. The PCR Array 
reactions were performed using the LightCycler® 480 (Roche® Diagnostics). Gene expression 
levels were displayed relative to the mean expression level of 5 housekeeping genes (B2M, 
HPRT1, RPL13A, GADDH and ACTB).
 For qPCR, RNA samples obtained at day 0, 4, 14 or 21 from cultures performed 
with cells from 3 donors were converted to cDNA. If cell quantities allowed, experiments 
were repeated on a separate occasion. cDNA was prepared using the SuperScript® VILO™ 
cDNA Synthesis Kit (LifeTechnologies™), with 0.1 mg total RNA in 20 mL reaction mix in the 
thermocycler. For COL1A1, RUNX and TGFB1, qPCR was performed using 12.5 ng cDNA and 
7.5 mL SYBR® Green Supermix (Roche® Laboratories, Indianapolis, IN) in a total volume of 15 
ml per sample in a LightCycler® 480. Target and reference genes were amplified in separate 
wells, in triplicate. Expression of target genes was calculated using the relative standard curve 
method. Primer sequences are shown in table 3. All primers used for real-time PCR were from 
LifeTechnologies™. Tm was 60°C for all primers.
 Gene expression for BMP6, INHBA, IGF1, FGF1 and FGF2 was analyzed using TaqMan® 
Gene Expression assays (TaqMan®, Applied Biosystems®) in an ABI Prism® 7700 DNA sequence 
de- tector (Applied Biosystems®). 24 ng cDNA and 10 mL TaqMan® Master Mix were used in a 
total volume of 20 mL. Pre-designed, ready-made primer sets were obtained from Applied Bio- 
systems®. For all qPCR analyses, the values of target gene expression were expressed relative 
to glyceraldehyde 3-phosphate dehydrogenase (GAPDH) housekeeping gene expression, 
except for COL1A1 and RUNX2 which were expressed relative to tyrosine 3- monooxygenase/
tryptophan 5-monooxygenase activation protein, zeta polypeptide (YWHAZ). The relative gene 
expression was calculated with the ∆Ct method.
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Protein analysis
IGF-I, BMP-6 and Activin A protein levels in conditioned medium at day 21 were measured 
by enzyme-linked immunosorbent assays (ELISA) from RayBiotech (Norcross, GA, USA), 
and P1NP (Procollagen I N-Terminal Propeptide) was measured using ELISA from USCN Life 
Science Inc. (Houston, TX, USA). The detection limits were as follows: IGF-I: 100 pg/ml; BMP-6: 
150 pg/ml; Activin A: 15 pg/ml; and P1NP 6 pg/ml. Absorbance was measured at 450 nm with a 
microplate reader (Bio-Rad Laboratories).
 After 21 days of culture, culture medium was removed and the hASCs were washed 
twice with PBS on ice. Cell isolates were collected in distilled water, and alkaline phosphatase 
activity for each isolate was quantified using a p-nitrophenyl-phosphate colorimetric assay. 
Alkaline phosphatase activity was calculated as mmol p-nitrophenol per mg protein, which was 
determined using a BCA protein assay reagent kit (Pierce, Rockford, IL, USA), the absorbance 
was read at 570 nm.

Statistical analysis
All data are expressed as mean±SD. Data shown in figure 3 were log transformed when not 
distributed normally, and tested per time point using an unpaired t-test for single group mean. 
Data shown in figure 4 were also log transformed and tested using 1-way ANOVA in combination 
with Tukey post-hoc analysis. Differences were considered significant if p≤ 0.05.
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RESULTS

Effect of substrate on trophic factor expression by hASCs
We evaluated the expression of trophic factors by hASCs cultured on plastic for 21 days, and 
compared this to the expression in cells cultured on BCP. Figure 1 and table 1 present the data 
from PCR arrays for the 21-day time point. For the sake of clarity, we did not display the error 
bars in figure 1. Compared to plastic, hASCs cultured on BCP showed ≥ 2-fold higher expression 
of ~20 factors, amongst which cytokines such as IL-6, growth factors such as FGF7 and adhesion 
molecules such as VCAM1. Expression of another ~50 genes was decreased ≥ 2-fold on BCP 
compared to plastic (Fig. 1A-D). 

Figure 1. Effect of substrate on growth factor expression by hASCs. 
Relative gene expression of trophic factors by hASCs cultured for 21 days on BCP (y-axis) was plotted 
against expression levels of trophic factors in hASCs cultured on tissue culture plastic (x-axis). Please 
note the difference in axis scales between figures 1A-D. Data are displayed as mean from n =1 or 2 
donors (SD not shown). The solid line represents equal expression of genes in hASCs cultured on 
plastic and BCP. Red symbols mark genes that are expressed at least 2-fold lower by hASCs grown 
on BCP compared to plastic. Green symbols mark genes that are expressed at least 2-fold higher by 
hASCs grown on BCP compared to plastic. Full names of genes are given in Table 1.
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Effect of BMP-2 on trophic factor expression by BCP-seeded hASCs
A short pre-treatment with BMP-2 has a strong effect on osteogenic differentiation of hASCs 
on BCP 21, 22. In a previous study, we demonstrated that seeding on BCP further enhanced the 
BMP-2 induced osteogenic differentiation 22, which was confirmed in the current study. RUNX2 
and COL1A1 were highly upregulated in BMP-2 pretreated hASCs seeded on BCP at day 21 
(Fig. 2, Table 1). Figure 2 shows that BMP-2 enhances the expression of ~30 factors by hASCs 
seeded on BCP (Fig 2A-D). Treatment with BMP-2 decreased the expression of just 3 factors by 
more than 2-fold, i.e. PGF (5.7-fold), PPARG (2.4-fold) and PTN (3.3-fold). There were 27 factors 
that showed differential expression depending on substrate type and an effect of BMP-2 (Table 
2). Strikingly, amongst these 27 factors there were 6 members of the fibroblast growth factor 
family, i.e. FGF1, FGF2, FGF5, FGF9, FGF14, FGF19, but only 1 bone morphogenetic protein, 
i.e. BMP-6.

Figure 2. Effect of BMP-2 on trophic factor expression by hASCs cultured on a biphasic 
calcium phosphate scaffold after 21 days.
Relative gene expression of trophic factors by BMP-2-pretreated hASCs (y-axis) was plotted against 
the expression levels untreated hASCs (control, x-axis). Please note the difference in axis scales 
between figures 2A-D. Data are displayed as mean from n = 2 donors (SD not shown). The solid 
line represents equal expression of genes in hASCs treated with BMP-2 and cultured on BCP and 
untreated controls grown on BCP. Red symbols mark genes that are expressed at least 2-fold lower 
by hASCs grown on BCP compared to plastic. Green symbols mark genes that are expressed at least 
2-fold higher by hASCs grown on BCP compared to plastic. Full names of genes are given in Table 1.
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qPCR analysis
Based on the data in figures 1 and 2, we performed qPCR analysis of the following osteogenic 
differentiation markers and growth factors (Fig. 3): COL1A1, RUNX2, TGFB1, BMP6, INHBA, 
IGF1, FGF1, and FGF2. We found that short treatment of hASCs with BMP-2 enhanced COL1A1 
expression equally at days 14 and 21 (4-fold; fig 3A), and enhanced RUNX2 expression by 4-fold 
at days 14 and by 6-fold at day 21 (Fig 3B). No convincing stimulating effect of BMP-2 treatment 
on TGFB1 expression in hASCs from the 3 different donors was found at any of the time points 
measured, including day 21 (Fig. 3C). BMP-6 expression seemed to decrease over time, with the 
lowest expression at day 14. As expected from the PCR array, at day 21 BMP-2-treated hASCs 
expressed significantly more BMP-6 than control hASCs (Fig 3D). Expression of INHBA, another 
member of the TGFβ family, gradually increased over time, reaching the highest expression at 
day 21. INHBA expression was significantly higher in BMP-2 treated hASCs than in the vehicle-
treaded cells (Fig 3E). BMP-2 treatment also seemed to enhance IGF-1 expression by hASCs at 
day 21, but the effect of BMP-2 was only significant at day 14. At this time point IGF-1 expression 
was very low compared to the expression at day 0 (Fig 3F). FGF1 expression increased over 
time. BMP-2 tended to increase FGF-1 expression in hASCs, but significance was not reached 
due to the low number of donors (Fig 3C). No clear effect of time or BMP-2 treatment was 
observed with regard to FGF-2 expression by hASCs (Fig 3H). 

Protein analysis
IGF1 and BMP-6 spent by hASCs in the culture medium at day 21 remained below the detection 
limits of 100 pg/ml and 150 pg/ml, respectively. The homodimer of INHBA is Activin A. In the 
absence of BMP-2, hASCs grown on BCP for 21 days produced 5.2-fold less Activin A compared 
to hASCs grown on plastic. BMP-2 seemed to increase the Activin A secretion by 1.5-fold in 
hASCs cultured on BCP, but this effect was not significant (Fig 4A). ASCs grown on plastic 
showed a clear trend towards higher P1NP levels compared to both the BCP only and the BMP-
2 treated cells (p=0.1 and p=0.13 respectively). Compared to both the BCP only and the BMP- 2 
treated hASCs, cells grown on plastic had a lower ALP activity (p < 0.01 for both).
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Figure 3. Relation between osteogenic differentiation and expression of trophic factors by 
ASCs. 
Relative expression levels of genes were measured after 14 or 21 days of culturing ASCs on BCP 
without stimulation of osteogenic differentiation or after stimulation of osteogenic differentiation (BMP-
2 pre-treatment). A) COL1A1, B) RUNX2, C) TGFB1, D) BMP6, E) INHBA, F) IGF1, G) FGF1, and H) 
FGF2. Values are mean± SD from n=2-6 separate experiments. * Significant effect of BMP-2 p<0.05; 
** Significant effect of BMP-2, p<0.01. BCP, biphasic calcium phosphate; BMP-2, bone morphogenetic 
protein 
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Figure 4. Effect of BMP-2 or substrate on Activin A and P1NP secretion, and on ALP activity 
in hASCs cultured on a biphasic calcium phosphate scaffold for 21 days. 
A) Culture of ASCs on plastic enhanced Activin A production compared to cells cultured on BCP. BMP-
2 treatment did not significantly enhance Activin A production by hASCSs cultured on BCP, although 
a trend towards an increase was visible. B) P1NP protein levels, a measure for newly produced 
collagen type I, seemed increased in cells cultured on tissue culture plastic, but the production was not 
significantly different between ASCs grown on plastic and BCP. C) Growing hASCs on BCP significantly 
enhanced ALP activity at day 21. Treatment of the cells with BMP-2 tended to further enhance ALP 
activity, but this effect was not significant. *Significant difference in protein levels, p < 0.05. **Significant 
difference in protein levels, p < 0.01. BCP, biphasic calcium phosphate; BMP-2, bone morphogenetic 
protein 2; P1NP, Procollagen Type I Intact N-Terminal Propeptide.
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Table 1. Gene expression of trophic factors measured in hASCs after pre-treatment with 
BMP-2 and 21 days of culture on tissue culture plastic and biphasic calcium phosphate. 
All values are expressed relative to 5 housekeeping genes and multiplied by 100.

Growth factor gene expression profiles of BMP-2 treated hASCs
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Table 1 continued
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Table 1 continued
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Table 2. Effect of short BMP-2 treatment on gene 
expression of trophic factors by hASCs cultured on BCP 
for 21 days. 
Shown are the average BMP-2 / control ratios (± SD), of those 
trophic factors who’s expression by ASCs is affected by both 
substrate type (Figure 1) and BMP-2 treatment (Figure 2) at day 
21. n= 2 separate experiments with cells from 2 donors.

Table 1 continued
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Table 3. Primer sequences for housekeeping gene GAPDH, RUNX2, COL1A1 and TGFB1 
as used for gene expression analysis of human ASCs after 21 days of culture on biphasic 
calcium phosphate.



80

DISCUSSION

In this study we investigated how the secretome of ASCs is affected by substrate, growth 
factors, or degree of differentiation of stem cells. During bone healing, many distinct biological 
processes operate together in a coordinated fashion to facilitate the regeneration of a functional 
living tissue. Attraction and osteogenic differentiation of mesenchymal stem cells is a key 
part of this process, but is not the only important step by far 25. The environment in which 
the tissue regeneration takes place needs to be cleaned of damaged tissue and remodeled, 
inflammation needs to be allowed and suppressed at the proper stages of healing, and blood 
vessel formation has to keep up with the regeneration process to allow oxygen and nutrients 
to reach the metabolically very active bone forming osteoblasts. ASCs can both differentiate 
towards osteoblasts 22, and form trophic factors that influence the before mentioned processes 
20. As it would make sense that ASCs produce increasingly more trophic factors while healing 
propagates, we hypothesized that as the differentiation of ASCs progresses hASCs produce 
more factors associated with processes such as angiogenesis and bone remodeling. From 
previous experiments we know that ASCs in vitro show a higher differentiation potential when 
seeded on BCP compared to plastic, and the highest differentiation potential when treated with 
BMP-2 and seeded on BCP 22. Therefore we compared the growth factor expression profiles of 
ASCs seeded on BCP and seeded on BCP after treatment with BMP-2. Corroborating with our 
previous data 22, DNA analysis confirmed that the proliferation potential of cells cultured on BCP 
and plastic is similar (data not shown), ensuring that differences in gene expression profiles are 
influenced by differentiation, and not by cell number.
 We found no clear association between the level of osteogenic differentiation of hASCs 
and the pattern of trophic factor production (Figure 3). Osteogenic differentiation was higher at 
day 14 and 21 compared to day 0 and 4 (Fig 3A, B) 22, yet BMP6 and IGF1 had lower expression 
levels at day 14 and 21 compared to day 0 (Figure 3). INHBA levels increased gradually over time. 
In addition, based on the Array data, ASCs grown on BCP seemed to produce lower amounts 
of approximately 50 different factors compared to ASCs grown on tissue culture plastic, even 
though osteogenic differentiation of ASCs is promoted by BCP 26. Amongst these were a large 
fraction of cell surface molecules such as ALCAM, ANXA5, CD44, ICAM1, PDGFRB, SLC17A5 
and THY1 (full names given in table 2). Signaling molecules such as EGF, FGF2 and INHBA were 
also lower expressed on BCP than on plastic, suggesting that those substrates most promoting 
osteogenic differentiation of MSCs do not automatically enhance trophic factor production as 
well. The results do show that trophic factor production by ASCs can be strongly affected by 
substrate, and this means that tissue engineering strategies may be rendered more successful 
once it is known which substrate properties most strongly enhance trophic factor production by 
ASCs promoting bone healing.
 As stated above, trophic factor production is mostly enhanced on plastic compared to 
BCP, even though differentiation of ASCs is diminished on plastic compared to BCP (Figure 1). 
The expression of many trophic factors by plastic adherent hASCs seems enhanced at day 21 
after BMP-2 treatment (Table 1), even though short treatment with BMP-2 of hASCs grown on 
plastic does not significantly enhance osteogenic differentiation of those hASCs 22. The factors
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produced by the ASCs thus likely do not work in a paracrine / autocrine fashion on the cultured 
ASCs to promote osteogenic differentiation. Alternatively, the substrate has strong direct effects 
on ASC differentiation, overruling the effect of trophic factors. Substrate stiffness for instance, has 
been shown to determine differentiation potential of MSCs via an effect on Rho/ROCK signaling 
27. However, BCP and plastic both have a high stiffness, thus it is not likely that this could explain 
the difference in differentiation potential. ASCs may differentiate more easily on BCP due to the 
higher amounts of calcium in the medium, released from the scaffold 26. For ASCs grown on 
tissue culture plastic we compensated for available phosphate in the culture medium, but we did 
not compensate for calcium. These factors may not only affect osteogenic differentiation, but 
also trophic factor production by MSCs. Future studies aimed to elucidate how factors such as 
free calcium concentration, substrate stiffness, surface roughness, or surface energy affect the 
secretome of MSCs are warranted.
 We expected that angiogenic factors, such as VEGF and FGFs 18, 28 to be highly 
expressed by ASCs, both on plastic and on BCP, because of the extensive angiogenic capacity 
of ASCs in vivo 8. We found that these factors were expressed at moderate levels when 
compared to other factors (Table 1). It is possible that the presence of ascorbic acid in our culture 
medium somewhat diminished VEGFA expression, since it has been shown that ascorbic acid-2 
phosphate reduces VEGFA secretion in rat ASCs 19. Of course this does not mean that protein 
production is also moderate to low. In addition, the combination of angiogenic factors produced 
by ASCs may together still have a strong angiogenic potential. The most strongly expressed 
factors on mRNA level were the extracellular matrix component COL1A1 and the mesenchymal 
cell specific intermediate filament vimentin (VIM). In addition, the type IV collagenase MMP2 
was very highly expressed by ASCs. MMP2 aides the lysis of basement membranes, thereby 
enhancing vascularization 29. This may partly explain the angiogenic potential of ASCs in vivo. 
Based on the array data, BMP-2 treatment enhanced VEGFA and VEGFC expression in ASCs 
grown on BCP (Fig. 2). This suggests that BMP-2 treatment may be beneficial for stimulating 
angiogenesis when applying ASCs for bone healing in vivo. Indeed it was found that BMP-2 
treated ASCs enhance angiogenesis more strongly than ASCs alone in vivo 8, underscoring the 
potential of BMP-2 to promote ASC-driven bone healing.
 Besides stimulating the expression of angiogenic factors by ASCs, BMP-2 stimulated 
the expression of a panel of factors that may condition the in vivo environment to facilitate 
bone repair. Based on both the PCR array and qPCR analysis, BMP-2 treatment enhanced the 
expression of ~30 factors by hASCs seeded on BCP, amongst which IGF1, INHBA and BMP-6. 
Treatment with BMP-2 decreased the expression of only 3 factors, i.e. PGF, PPARG and PTN. The 
decrease in PPARG expression by hASCs after BMP-2 treatment is in line with earlier findings, 
where BMP-2 enhances the osteogenic differentiation of hASCs, while decreasing adipogenic 
differentiation, and thus PPARG expression 22. IGF1 regulates angiogenesis and endogenous 
RUNX2 activity in human endothelial cells 30-32, and promotes osteogenic differentiation of 
bone marrow MSCs in rats 33. BMP6 is known to enhance osteochondral bone formation 34. A 
homodimer of INHBA forms ActivinA, which is known to affect osteoclastogenesis as well 35. 
This might suggest that INHBA enhances remodeling of the repair site. Short incubation with 
BMP-2 may thus be a promising treatment to enhance both osteogenic differentiation of the

Growth factor gene expression profiles of BMP-2 treated hASCs
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stem cells and tissue remodeling.
 We are the first to show that a short incubation with BMP-2 of only 15 minutes can affect 
the secretome of ASCs up to 21 days later. It is likely that 15 minutes is more than sufficient for 
BMP-2 to occupy the available receptors and activate smad signaling. We speculate that smad 
signaling activates a positive feedback loop in the ASCs, and that this epigenetic mechanism 
maintains the positive effect of BMP-2 treatment for 21 days. What this positive feedback loop 
consist of is unknown.
 A clear limitation of this study is that the secretome has been evaluated primarily 
on the level of mRNA expression, and that additional determination of secreted factor levels 
succeeded for some (Activin A, P1NP), but failed in other cases (IGF-1, BMP-6).  Although 
protein production is for 90% regulated at the level of transcriptional control, it is still possible that 
alterations in translation or protein activation occur. Thus, inventarization of the ASC secretome 
may give subtly different results when trophic factor production is studied using proteonomics 
approaches versus genetic screening methods. Nevertheless, a large overlap in the results is to 
be expected, likely giving rise to similar conclusions. 
 We found a clear effect of substrate and growth factor treatment on the production of 
trophic factors by ASCs in vitro, showing that the environment strongly affects the secretome 
of ASCs. Once implanted, ASCs are bound to encounter a multitude of stimuli, ranging from 
(platelet derived) growth factors, via matrix molecules such as fibrin, to inflammatory cytokines. 
Factors produced by the host may trigger trophic factor production by ASCs, via reciprocal 
signaling between host and stem cells. The secretome of ASCs is therefore likely to be different 
in vivo compared to in vitro. Nevertheless, systematic in vitro investigations can shed a light on 
exactly which factors affect on trophic factor production by ASCs, aiding the targeted design of 
tissue engineering strategies. 
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CONCLUSIONS

We hypothesized that as differentiation progresses, hASCs produce increasingly more factors 
associated with processes such as angiogenesis and bone remodeling. However, we found a 
lack of association between the degree of differentiation and the secretome of hASCs. Most 
current bone regeneration studies focus on induction of osteogenic differentiation of stem 
cells. Considering our findings, and considering the critical importance of cellular trophic factor 
production for the outcome of tissue engineering strategies, a shift in research focus towards 
systematically orchestrating the secretome of stem cells is indicated. Short BMP-2 treatment 
stimulated the expression of a panel of factors in hASCs that may play a role in the conditioning 
of the environment to facilitate bone repair in vivo. Short incubation with BMP-2 may thus 
be a promising treatment to enhance both osteogenic differentiation of stem cells as well as 
modulation of the wound environment.
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