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Abstract 

The detailed interactions of mesenchymal stem cells (MSCs) with their extracellular matrix (ECM) 
and the resulting effects on MSC differentiation are still largely unknown. Integrins are the main 
mediators of cell-ECM interaction. In this study, we investigated the adhesion of human MSCs to 
fibronectin, vitronectin and osteopontin, three ECM glycoproteins which contain an integ-
rin-binding sequence, the RGD motif. We then assayed MSCs for their osteogenic commitment in 
the presence of the different ECM proteins.  
As early as 2 hours after seeding, human MSCs displayed increased adhesion when plated on fi-
bronectin, whereas no significant difference was observed when adhering either to vitronectin or 
osteopontin. Over a 10-day observation period, cell proliferation was increased when cells were 
cultured on fibronectin and osteopontin, albeit after 5 days in culture. The adhesive role of fi-
bronectin was further confirmed by measurements of cell area, which was significantly increased 
on this type of substrate. However, integrin-mediated clusters, namely focal adhesions, were larger 
and more mature in MSCs adhering to vitronectin and osteopontin. Adhesion to fibronectin in-
duced elevated expression of α5-integrin, which was further upregulated under osteogenic con-
ditions also for vitronectin and osteopontin. In contrast, during osteogenic differentiation the 
expression level of β3-integrin was decreased in MSCs adhering to the different ECM proteins. 
When MSCs were cultured under osteogenic conditions, their commitment to the osteoblast 
lineage and their ability to form a mineralized matrix in vitro was increased in presence of fi-
bronectin and osteopontin.  
Taken together these results indicate a distinct role of ECM proteins in regulating cell adhesion, 
lineage commitment and phenotype of MSCs, which is due to the modulation of the expression of 
specific integrin subunits during growth or osteogenic differentiation. 

Key words: mesenchymal stem cells, extracellular matrix, osteogenic differentiation, integrins, cell 
adhesion. 

Introduction 
Adult mesenchymal stem cells (MSC) are a pop-

ulation of non-hematopoietic, multipotent cells lo-
cated within the bone marrow and cartilage, and to a 
lesser extent also in other tissues of mesenchymal 
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origin (1). Upon specific stimuli, MSCs can differenti-
ate into at least three different lineages: osteoblasts (2), 
chondroblasts and adipocytes (3,4). Following inju-
ries, such as bone fractures, MSCs migrate from their 
niche to sites of tissue damage, thereby locally sup-
porting the process of healing (5). Hence, MSCs are 
good candidates for tissue regeneration strategies in 
human during bone and fracture healing. However, 
the effectiveness of bone regeneration processes de-
pends on the balance between events that regulate cell 
proliferation and differentiation (6).  

In bone marrow, MSCs are located in the so 
called “stem cell niche”, a unique and dynamic mi-
croenvironment directly influencing their fate. The 
niche encloses non-stem cells, extracellular matrix 
(ECM) proteins and soluble molecules surrounding 
and interacting with MSCs. Various soluble factors, 
e.g. dexamethasone, bone morphogenetic protein-2 
(BMP-2), β-glycerophosphate and ascorbic acid, have 
been identified as potent inducers of in vitro osteo-
genic differentiation (7,8). The niche can also trigger 
proliferation and differentiation through changes in 
its architecture (1,9,10). Little is known however about 
the influence of specific interactions between ECM 
proteins and MSCs; in particular, the role of cell ad-
hesion to the ECM in regulating the osteogenic dif-
ferentiation process still remains poorly understood.  

Bone marrow ECM comprises several protein 
families, including collagens, proteoglycans, and 
glycoproteins (11,12). The glycoproteins fibronectin 
(FN), vitronectin (VN) and osteopontin (OPN) contain 
within their structure an integrin-binding motif, the 
Arg-Gly-Asp (RGD) sequence. Integrins are a class of 
heterodimeric cell surface receptors and consist of two 
non-covalently associated transmembrane protein 
subunits (α and β) with large extracellular and short 
intracellular domains (13). To date, 24 different subu-
nit combinations with varying specificities towards 
ECM proteins have been identified (14). Integrins 
form a direct linkage between the ECM and the actin 
cytoskeleton (15). Upon binding to ECM proteins, the 
resulting intracellular signaling cascades modulate 
cell phenotype and genotype, thereby affecting adhe-
sion, proliferation and differentiation (16-21). In turn, 
changes in the expression of integrins and cytoskeletal 
proteins (22) during stem cell commitment play an 
important role in the control of cell phenotype. 

Several studies suggest that cues from the ECM 
regulate not only cell adhesion and migration but also 
differentiation by activating specific integrin subunits 
and heterodimers (23-26). Interestingly, Hamidouche 
et al. (26) showed that the expression of α5-integrin is 
upregulated in MSCs under osteogenic conditions 
and that activation of this subunit is sufficient to in-
duce osteoblastic differentiation. In addition, Schnei-

der et al. (25) suggested that adhesion and signaling 
via αVβ3-integrin might be required for osteoblastic 
differentiation. Although these reports show evidence 
that integrin-mediated adhesion influences and reg-
ulates osteoblastic differentiation, some of the results 
are still a matter of debate (23). In particular, the spe-
cific role of different integrins in MSC differentiation 
remains unclear. Moreover, it is still unknown 
whether initial attachment and spreading of cells due 
to integrin binding to RGD motifs of different ECM 
glycoproteins may affect cell commitment.  

In this study we investigate the impact of the 
microenvironment on the functional behavior of hu-
man MSCs. We focus on the specific contribution of 
αVβ3 and α5β1 integrins to early adhesion-mediated 
events of MSCs on fibronectin, vitronectin and oste-
opontin, including adhesion, spreading and prolifer-
ation, as well as on the effects of the 
RGD-glycoproteins on osteogenic commitment.  

Material and Methods 
Culture of human MSCs 

MSCs isolated from human bone marrow of an 
adult donor (male, 64, bone marrow from femoral 
head) were purchased from Promocell (Heidelberg, 
Germany). Cells were maintained in culture in growth 
medium (Promocell), 5 % CO2-atmosphere at 37 °C 
and the medium was renewed every 2-3 days. Upon 
reaching 70-80 % confluence, cells were detached by 
Accutase treatment (Gibco, Life Technologies, Darm-
stadt, Germany) and subcultured at a dilution of 1:3. 
All experiments were conducted using cells below 
passage 5. 

Experimental data were collected using cells 
cultured in either standard growth medium or in os-
teogenic differentiation medium (Promocell).  

ECM glycoproteins and coating procedure 
For all functional assays substrates were coated 

with vitronectin (VN, human plasma, 0.5 µg/cm2, 
Sigma, Steinheim, Germany), fibronectin (FN, human 
plasma, 4 µg/cm2, Sigma) and osteopontin (OPN, 
human recombinant expressed in NSO cells, 0.5 
µg/cm2, Sigma) diluted in 1 x phosphate buffered 
saline (PBS, pH 7.2, PAA, Coelbe, Germany) or water 
according to the manufacturers’ recommendations. 
Poly-L-lysine (PLL, 70-150 kDa, 2 µg/cm2, Sigma) was 
used as control. The different amounts ensured the 
complete coating of the surface for each type of ECM 
protein. Tissue culture treated polystyrene surfaces or 
glass coverslips were coated with the ECM protein 
solution overnight at 4 °C, washed twice with PBS, 
blocked with 1 % bovine serum albumin (BSA, Sigma) 
in PBS for 10 min at room temperature and sterilized 
with UV light for 30 min.  
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Adhesion assay 
For analysis of cell adhesion, 4.5 x 103 cells/cm2 

were seeded in single wells of a 48-well plate and al-
lowed to attach for 2 or 4 h, respectively. Then, cells 
were washed once with PBS to remove non-adherent 
cells, followed by addition of fresh medium. After 
incubation for 2 or 4 h in presence of 10 % v/v 
CellTiter-Blue reagent® (Promega, Madison, USA), the 
number of attached cells was determined. Therefore, 
the transformation of the blue non-fluorescent dye 
resazurin into the red fluorescent resorufin 
(λex = 530 nm; λem = 590 nm) was measured spectro-
scopically with a plate reader (Infinite 200, Tecan, 
Maennedorf, Switzerland) using 530 nm excitation 
and 600 nm emission filters with a counting time of 
200 µs. For the different surfaces, cell adhesion ex-
periments were repeated twice in 3 replicates. 

The number of cells on coated surfaces at later 
time points (1, 5 or 10 days after seeding) was deter-
mined by counting DAPI-stained cell nuclei. All data 
were normalized to control conditions, i.e. MSCs on 
PLL-coated substrates. 

5-ethynyl-2´-deoxyuridine (EdU) incorporation 
and indirect immunofluorescence staining  

MSCs were seeded and incubated on the differ-
ent substrates for 4 h, 1, 5 and 10 days in either 
standard growth or osteogenic differentiation medi-
um. For EdU incorporation experiments, EdU (from 
the Click-iT® EdU Alexa Fluor® 647 Imaging Kit, Life 
Technologies) was added at a 50 μM final concentra-
tion 24 h before the indicated time points to allow 
incorporation into DNA during active synthesis. After 
removing the culture medium, the wells were rinsed 
three times with PBS. The cells were fixed with 4 % 
paraformaldehyde for 30 min at room temperature 
and rinsed with PBS once. Fixed cells were permea-
bilized with PBS-0.1 % Triton-X 100 (Sigma) for 
10 min. To reduce non-specific binding, samples were 
blocked with 1 % BSA in PBS for 10 min at room 
temperature. After additional washings, cells were 
incubated for 30 min with Click-iT reaction cocktail 
containing Alexa Fluor 647-azide to detect EdU and 
washed afterwards with 3 % BSA/PBS solution. 

After blocking, samples were incubated with 
anti-vinculin mouse monoclonal antibody 
(1-10 µg/ml, Sigma) for 1 h at room temperature. 
Upon removal of the unbound antibody by washing 
with PBS, cells were incubated with Alexa Fluor 
488-labeled goat anti-mouse secondary antibody 
(10-20 µg/ml, Life Technologies) and 
TRITC-conjugated phalloidin (1 µg/ml, Sigma) for an 
additional hour at room temperature. Please note that 
the EdU assay is not compatible with the Phalloidin 
staining protocol. Cell nuclei were then stained with 

DAPI (1 µg/ml, Sigma) for 5 min at room tempera-
ture.  

Microscopy and image analysis 
Immunofluorescence as well as phase contrast 

microscopy was carried out on a Delta Vision RT 
system (Applied Precision Inc., Issaquah, USA) con-
sisting of an Olympus IX inverted microscope 
(Olympus, Hamburg, Germany).  

For cell proliferation analysis, a panel collection 
of hundred, not overlapping images (1024 x 1024 pix-
els) per surface was taken with a 10 x magnification 
air objective lens (Neofluor 10x/0.3 phase contrast, 
Carl Zeiss, Jena, Germany). Applying two different 
filters (DAPI, Cy5) pictures of proliferating and total 
nuclei number were taken. Actively proliferating cells 
(Alexa Fluor 647-positive cell nuclei) were counted 
using the particle analyzer plugin of ImageJ software 
(http://rsb.info.nih.gov/ij/; version 1.47n) and nor-
malized to total cell number (DAPI stained cell nu-
clei). 

The projected cell area was evaluated 4 h, 1 d 
and 5 d after seeding on coated substrates using a 10 x 
air objective and analyzed with ImageJ. 25 images per 
surface containing at least 3 entirely visible cells were 
taken and cell area was measured as described below 
for focal adhesion analysis. 

Focal adhesions (FAs) were imaged using a 60 x 
oil objective (PlanApo 60x/1.4 Olympus). For the 
analysis of focal adhesion number, area and long axis, 
a self-written ImageJ macro including the following 
steps was applied to each image: creation of an 8-bit 
image followed by background subtraction and con-
trast adjustment. Thresholding then resulted in a bi-
nary image. FA size and long axis were determined 
using the “analyze particles” plugin within a preset 
size range 0.5 µm2 – 10 µm2 and a circularity of 0-1. 
Images were adjusted for brightness and color for 
presentation. At least 10 cells per group were ana-
lyzed. Experiments were performed in three technical 
repeats. 

Western blot analysis of integrins 
Detection of total protein levels of integrin sub-

units in MSCs was performed by SDS-PAGE gel elec-
trophoresis and western blot analysis. Briefly, MSCs 
were seeded in culture plates coated with ECM pro-
teins in either standard growth or osteogenic media. 
Cells were lysed after 1, 5 and 10 days in 1 % 
IGEPAL CA-630, 0.25 % sodium deoxycholate, 
667 mM EDTA, 100 mM PMSF, 200 mM Na3VO4, 
150 mM NaCl (all from Sigma), 50 mM Tris–HCl 
(Biomol, Hamburg, Germany), and protease inhibi-
tors (Complete Mini, Roche). Lysates were cleared by 
centrifugation at 10000 rpm for 10 min at 4 °C. The 
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total protein concentration of the supernatant was 
determined using a BCA protein assay kit (Pierce Bi-
otechnology, Inc., Rockford, USA). Equal protein 
amounts were separated by SDS–PAGE, transferred 
to a PVDF membrane and then probed with one of the 
following primary antibodies (all mouse IgG, 
1 µg/ml) overnight at 4 °C (all from BD Transduction 
Laboratories™, BD Biosciences, San Diego, USA): 
anti-CD51, anti-CD61, anti-CD49e, anti-CD29. Incu-
bation with goat anti-mouse HRP-conjugated IgG 
(0.1 µg/ml, Santa Cruz Biotechnology, Inc., Dallas, 
USA) was followed by detection with ECL Plus De-
tection Kits (GE Healthcare, Uppsala, Sweden). 

RNA Isolation and quantitative real-time PCR 
1 x 105 cells were seeded in either standard 

growth or osteogenic differentiation medium into 
coated 6-well plates and cultured for 1, 5 or 10 days, 
respectively. Total RNA was extracted using 
peqGOLD TriFast (Peqlab, Erlangen, Germany) ac-
cording to the manufacturer’s instructions. The con-
centration of extracted RNA was measured with a 
ND-2000 UV spectrometer (Nanodrop, Wilmington, 
Germany) and 1.5 µg of each RNA sample was used to 
synthesize the corresponding cDNA. For the relative 
quantification of mRNA expression qRT-PCR was 
performed using QuantiFast SYBR Green PCR Kit 
(Qiagen, Hilden, Germany) and QuantiTect Primer 
Assays (Qiagen) with the BioRad CFX96 Touch Re-
al-Time PCR Detection System (Bio-Rad Laboratories, 
München, Germany). 

2 µl cDNA (100 ng/µl) and 10 µl QuantiFast 
SYBR Green PCR Master Mix combined with 2 µl 

QuantiTect Primer and 6 µl RNAse free water were 
used for each sample. 

After 5 min of pre-incubation at 95 °C, 40 ampli-
fication cycles were performed; each cycle consisted 
of the following steps: 10 sec at 95 °C and 30 sec at 
60 °C. Additionally melting curve analysis (from 
60 °C to 95 °C, increment 0.5 °C) was done to prove 
specificity. All genes were tested in triplets for every 
sample. A no-template-control (NTC) and calibrator 
were carried along for every gene. The mRNA ex-
pression levels of the target genes were normalized to 
GAPDH and 18S mRNA levels, and all data were an-
alyzed using the ΔΔCt-method (BioRad CFX Man-
agerTM Software version 2.1 and 3.0).  

Histological staining 
Osteogenic differentiation was monitored using 

a standard matrix mineralization assay. Alizarin Red 
S (Sigma) was used to detect calcium mineralization 
in MSCs cultured onto substrates coated with ECM 
proteins and standard or osteogenic medium for 21 
days. Cells were washed 3 times with PBS and ddH2O 
and incubated with 2 % (w/v) Alizarin Red solution 
for 2-5 min at room temperature. Cells were washed 
afterwards with ddH2O to remove excess staining and 
fixed in 4 % PFA in PBS for preservation. 

Statistical analysis 
Results from three independent experiments are 

displayed as mean ± standard deviation and were 
analyzed for statistical significance using the 
two-tailed unpaired student’s t-test or Mann-Whitney 
U test with a significance level of p < 0.05. 

 

Table 1. QuantiTect Primer Assays 

Genes Abbrev. QuantiTect Primer Assays 
Alkaline phosphatase ALP QT00012957 
Integrin binding sialo protein BSP QT00093709 
runt-related transcription factor 2 Runx2 QT00020517 
Integrin αv αv QT00051891 
Integrin α5 α5 QT00080871 
Integrin β1 β1 QT00068124 
Integrin β3 β3 QT00044590 
Glycerinaldehyde-3-phosphate-Dehydrogenase GAPDH QT01192646(Reference Gene) 
18S ribosomal RNA 18S QT00199367(Reference Gene) 

 
 

Results  
Initial cell attachment and proliferation are 
increased on FN-coated surfaces 

For adhesion assays, cells were plated on the 
different substrates and the number of attached cells 
was determined 2 and 4 hours after seeding. After 2 

hours, human MSC adhesion is significantly en-
hanced on FN compared to VN and OPN coatings 
under standard growth conditions (p > 0.01) (Fig. 1A). 
The same tendency is observed under osteogenic 
conditions; however, adhesion can be considered as 
significantly enhanced only when FN coatings are 
compared to OPN-coated surfaces (p > 0.01). After 4 
hours, cell adhesion on FN is significantly increased 
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when compared to the control (p > 0.01) (Fig. 1B). A 
highly significant increase in adhesion to FN is ob-
served in comparison to VN and OPN (p > 0.001) 

under growth conditions, whereas no statistical sig-
nificant difference is observed under osteogenic con-
ditions.  

 
Fig 1. hMSC adhesion on substrates coated with RGD-glycoproteins. The number of adherent cells was evaluated by measuring the optical density from 
CellTiter-Blue staining of cells (A) 2 h and (B) 4 h after seeding. Cell number is increased on FN coatings at both time points. PM, proliferation (=growth) media; OM, 
osteogenic media. *, # indicate statistical significance (p < 0.05) 

 
Fig 2. Analysis of hMSC proliferation on extracellular matrix-coated sub-
strates. (A) day 1; (B) day 5; (C) day 10. Proliferation rates are increased on FN and OPN 
compared to control after 5 and 10 days of cultivation. In all cases hMSC proliferation is 
elevated under standard growth conditions compared to osteogenic differentiation 
conditions. * indicates statistical significance (p < 0.05) (PM compared to OM per coating); 
# and § indicate statistical significance of proliferation rates obtained on different sub-
strates compared to Control (PLL-coated substrates) in PM or OM, respectively 
(p < 0.05) 

 
Similarly, due to enhanced adhesion, the number 

of cells on FN-coated surfaces is slightly higher after 1 
day compared to other surfaces in growth medium 
whereas no differences are observed in osteogenic 
medium (Supplementary Material: Fig. S1). To ana-
lyze the influence of ECM proteins on MSC prolifera-
tion under growth or differentiation conditions re-
spectively, the number of proliferating cells was 
evaluated at 1, 5 and 10 days after cell seeding. Com-
pared to standard growth conditions, proliferation 
rates are significantly reduced under osteogenic con-
ditions for all the time points (Fig. 2A-C). After 5 days, 
a highly significant increase in the proliferation rate of 
cells on FN and OPN under both conditions is ob-
served in comparison to PLL (p < 0.0001). Cells on VN 
display a significantly higher proliferation rate under 
osteogenic conditions but a reduced proliferation rate 
under growth conditions compared to control 
(p ≤ 0.0005) (Fig. 2B). At day 10, proliferation rates 
under standard conditions are enhanced on FN and 
OPN compared to control (p < 0.0005) and on all sur-
faces a highly significant reduction of proliferation is 
observed in differentiation media (p < 0.0001) (Fig. 
2C).  

Cell area is increased on FN coatings whereas 
larger focal adhesions are observed on VN- 
and OPN-coated surfaces 

Morphologically, MSCs isolated from human 
bone marrow are a heterogeneous population of cells 
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(27-29). As classified by the Prockop group, MSC 
cultures can be divided into at least two morphologi-
cal types under standard culture conditions: rapidly 
self-renewing, round or spindle-shaped cells and 
slowly replicating, cuboidal or flattened cells 
(28,30-33). While rapidly self-renewing cells exhibit an 
average area of 3000 – 5000 µm2, the slowly replicating 
MSCs display a larger cell area (34). 

It has also been reported that cell shape and size, 
actin cytoskeleton and osteogenic potential are closely 
related (35). We therefore determined the cell area of 
MSCs grown on ECM coated-surfaces under growth 
and differentiation conditions (Fig. 3A,B). Cells on 
control surfaces exhibit almost exclusively an elon-
gated spindle-shape, with a cell area smaller than 
5000 µm2, thereby indicating reduced adhesion. The 
number of small cells on FN, VN and OPN decreased 
over time, independently of the type of media (Fig. 
3A). Compared to the control, cells on ECM coat-
ed-surfaces become flattened and more spread (cell 
area > 5000 µm2) under both conditions. After 4 hours, 
1 and 5 days in culture with differentiation media, a 
significantly higher number of cells on FN and OPN 
exhibits an area > 5000 µm2 compared to their respec-
tive in standard conditions (p < 0.0005). A similar 
amount of cells displaying an area > 5000 µm2 is ob-
served on VN under both conditions after 5 days (Fig. 
3B).  

To gain insight into the cytoarchitecture respon-
sible for differences in cell area, we imaged the actin 
cytoskeleton using TRITC-Phalloidin. MSCs cultured 
in osteogenic differentiation media present thicker 
actin stress fibers, while cells under growth conditions 
exhibit a more disperse actin cytoskeleton (Supple-
mentary Material: Fig. S2). Due to the marked changes 

observed regarding cell size and shape, as well as the 
distinct organization of the actin cytoskeleton, we 
next examined whether cell structures involved in 
integrin-mediated adhesion, namely focal adhesions, 
were modulated by the type of substrate. Upon 
binding via their extracellular domains to the ECM, 
integrins cluster and their cytoplasmic tails associate 
with cytoskeletal and intracellular signal transduction 
molecules forming macromolecular aggregates 
known as focal adhesions (FAs) (12). Vinculin im-
munostaining was used to label FAs. After 4 and 24 
hours in culture, MSCs on ECM-coated surfaces show 
large, discrete clusters while no complexes can be seen 
in cells on control surfaces (Fig. 4A-D). Four hours 
after seeding, cells cultured on FN in osteogenic me-
dia reveal a significantly higher number of FAs per 
cell compared to cells under growth conditions; a 
similar behavior is observed in MSCs on VN and OPN 
under differentiation conditions (p < 0.005) (Fig. 4E). 
However, cells on FN display smaller FAs compared 
to cells cultured on VN and OPN under both condi-
tions (p < 0.0001). Moreover, in MSCs on FN and VN 
FAs are significantly smaller under differentiation 
conditions compared to growth conditions 
(p < 0.0001) (Fig. 4G). 

After one day, the number of total FAs per cell is 
significantly increased in cells cultured on FN com-
pared to other ECM coatings under growth conditions 
(p > 0.01) but comparable on all ECM protein coatings 
under differentiation conditions (Fig. 4F). The FA size 
is still significantly decreased in cells on FN compared 
to the other ECM coatings under growth conditions 
(p < 0.0001) while cells on VN display the largest av-
erage area of FA clusters compared to FN and OPN 
under differentiation conditions (p < 0.01)(Fig. 4H). 

 

 
Fig 3. Cell size of hMSCs on ECM protein-coated substrates under standard growth and osteogenic differentiation conditions. Number of cells 
(relative to total cell number) with a cell area (A) < 5000 µm2 and (B) > 5000 µm2 on different coatings 4 h, 1 d and 5 d after seeding. A larger fraction of cells on FN 
exhibits an increased cell size compared to other ECM coatings after 4 h and 5 d. Under osteogenic differentiation conditions cell size is increased on all ECM 
protein-coated substrates compared to standard growth conditions. * indicates statistical significance compared to standard growth conditions (p < 0.05)  
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Fig 4. Analysis of focal adhesion size in hMSC on ECM protein-coated substrates under standard growth and osteogenic differentiation conditions. (A) - (D) show 
representative images of indirect immunofluorescence staining of vinculin in hMSC after 4 h and 24 h in growth or osteogenic media. (E) and (F) number of focal 
adhesions per cell 4 h and 24 h after seeding. (G) and (H) average focal adhesion area after 4 h and 24 h. # and § indicate statistical significance compared to different 
substrates under growth or osteogenic differentiation conditions, respectively (p < 0.05) 
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α5-integrin expression is increased on FN and 
under osteogenic conditions 

Most integrins bind to several ECM molecules 
and conversely, most ECM bind to more than one 
integrin heterodimer. However, specific combinations 
of integrin α and β subunit result in different binding 
specificity (15). To investigate the role of αV, α5, β1 and 
β3 integrin subtypes in adhesion and differentiation, 
temporal changes in cell integrin profiles at gene ex-
pression and protein level were evaluated.  

Gene expression profiles of MSC cultured on 
ECM protein-coated surfaces revealed elevated levels 
of integrin subunits αV and α5 under osteogenic dif-
ferentiation conditions, while both subunits are 
downregulated under growth conditions. This trend 
is also observed to a lesser extent on the control sur-
faces. In particular, higher levels of α5 are expressed in 
cells adhering to FN while cells on OPN express 
higher amounts of αV after 1 and 10 days. Expression 
of integrin subunit β1 does not significantly vary 

among protein-coated surfaces or under different 
culture conditions. In contrast, expression of integrin 
subunit β3 is clearly reduced under osteogenic condi-
tions compared to growth conditions on all surfaces 
(Fig. 5A). 

Additionally, western blot analysis was used to 
investigate integrin profiles on protein level within 
MSCs cultured on ECM proteins. After one day in 
culture, elevated levels of integrin subunit α5 under 
osteogenic conditions on all surfaces but especially on 
FN are observed. After 5 and 10 days, higher levels of 
integrin subunits α5 and αv are detected in cells cul-
tured on ECM proteins under osteogenic conditions 
compared to proliferation conditions. Analysis of both 
β subunits reveal the same trends compared to gene 
expression levels: while β1 protein levels are compa-
rable on all surfaces under both conditions, β3 protein 
levels are decreased in cells cultured under osteogenic 
differentiation conditions compared to proliferation 
conditions (Fig. 5B-D).  
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Fig 5. Integrin expression profiles in hMSCs. (A) Quantitative RT-PCR determination of integrin subunits (αV, α5, β1, β3) at 1, 5 and 10 days after seeding hMSCs 
onto ECM coatings. Total RNA was harvested at the indicated time points and reverse transcribed to create a cDNA library. This was then probed using the primers 
shown in Materials and Methods section. (B) – (D) hMSCs cultured on ECM glycoprotein substrates for 1, 5 and 10 days. After cell lysis equal protein amounts were 
subjected to electrophoresis and western blots were probed for the indicated proteins. GAPDH was used as loading control 
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Osteogenic differentiation and mineral depo-
sition are elevated in MSCs cultured on FN and 
OPN 

The expression of cell differentiation markers 
was examined by quantitative RT-PCR at 1, 5 and 10 
days after cell seeding onto ECM coatings. As shown 
in Fig. 6, cells on FN express already after 5 days ele-
vated levels of osteogenic marker genes such as BSP 
(~1.5-fold) and Runx2 (~2-fold) under osteogenic 
conditions. An ~1.5-fold increase in BSP and Runx2 
expression is also observed in cells cultured on OPN 
after 10 days. However, cells cultured on VN show 
slightly elevated levels of osteogenic marker genes 
after 10 days under osteogenic conditions compared 
to proliferation conditions. Gene expression of ALP is 
low in all samples; however, highest levels are meas-
ured in cells cultured on FN under osteogenic condi-
tions for 10 days (Fig. 6).  

Alizarin Red S staining performed on day 21 to 
determine osteogenic induction shows a positive 
staining for calcium on all surfaces. The highest min-
eral deposition is observed in cells cultured on FN 
and OPN compared to VN and PLL control (Fig. 7).  

Discussion 
While the role of ECM in regulating cell adhe-

sion, migration and differentiation of hMSCs has been 
demonstrated in several studies, the specific contri-
bution of integrins in directing stem cell commitment 

remains still unclear. In this study we show the effect 
of ECM-derived RGD-containing glycoproteins on 
adhesion, proliferation, cell shape and integrin ex-
pression pattern as well as osteogenic commitment. 

Our data demonstrate a strong adhesive interac-
tion between MSCs and FN, as also reported in other 
studies (40-43). MSCs adhere to FN via α5β1-integrin 
and, to a minor extent, αvβ3-integrin binding (40). 
α5β1-integrin promotes cell spreading, survival and 
proliferation (12,44-46), hence supporting our obser-
vation of an increase in cell adhesion and proliferation 
of MSCs on FN-coated surfaces in comparison to oth-
er ECM protein coatings. However, it should be noted 
that 1 day in culture on the different substrates, the 
number of proliferating cells on FN is comparable to 
the other ECM proteins, suggesting that the nature of 
initial interactions of MSCs with FN is merely adhe-
sive. A positive effect on proliferation is first observed 
after 5 days in culture on FN surfaces.  

Plating human MSCs on purified ECM proteins 
supports cell growth for at least 10 days, whereas a 
clear decrease in proliferation under osteogenic con-
ditions is observed already 1 day after seeding. This is 
in agreement with Stein and Lian (47), who reported 
an upregulation of genes involved in maturation and 
mineralization of ECM, and a simultaneous decrease 
of proliferation rate, during osteoblastic differentia-
tion. 

 

 
Fig 6. Osteogenic differentiation of hMSCs on substrates coated with ECM-derived RGD-glycoproteins. Quantitative RT-PCR determination of 
osteogenic differentiation markers (ALP, BSP, Runx2) at 1, 5 and 10 days after cell seeding onto ECM coatings. Cells were cultured under either standard growth or 
osteogenic differentiation conditions and total RNA was isolated at the indicated time points. After reverse transcription samples were probed with primers shown 
in the Materials and Methods section. 
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Fig 7. Histochemical staining for calcium. Phase contrast micrographs showing the staining of hMSCs on ECM-coated plates under growth and osteogenic 
differentiation conditions. Staining was performed using Alizarin Red S stain on day 21. 
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In contrast to Ode et al. (40), we did not observe a 
comparable adhesion and proliferation of MSCs 
plated on VN and FN. This might be due to the dif-
ferent amount of serum and growth supplement used 
in both studies, which could also affect the prolifera-
tion rates after several days. Cell adhesion to VN is 
mediated by binding of αvβ3-integrin to the RGD mo-
tif, whereas adhesion to OPN is mediated by binding 
of both αvβ3-integrin, and to a minor extent by 
α5β1-integrin (48-50). It has been also reported that 
OPN promotes cell adhesion in a dose dependent 
manner. Under standard growth conditions, only cells 
on FN and OPN displayed enhanced proliferation 
while cells on VN proliferated less. Although 
αvβ3-integrin is the main receptor in MSCs promoting 
adhesion to VN and OPN (12,51), it has a negative 
effect on the proliferation of osteoprogenitor cells. 
Blocking of αvβ3-integrin results in an increase in pro-
liferation of human MSCs on FN and FN-fragments 
was observed (52). Thus, (i) enhanced adhesion to FN, 
and (ii) increased proliferation rate on FN and OPN, 
in comparison to VN, may be due to the engagement 
of α5β1-integrin. 

The analysis of cell area revealed two major 
subpopulations of hMSCs and cells were divided into 
two groups depending on their average size (smaller 
and larger than 5000 µm2). The predominant spindle 
morphology observed for cells on PLL under growth 
conditions may be due to a non-differentiating state in 
conjunction to poor adhesion. Interestingly, cells on 
FN and VN exhibited an increased cell area also under 
growth conditions. Previous studies also reported on 
these morphological changes (34,53), however, our 
study provides for the first time a classification of cell 
area under different conditions. While differentiation 
may influence and induce changes in cell shape, it has 
been demonstrated that cell morphology could direct 
the differentiation of MSC (54-56). When exposed to 
osteogenic conditions, they underwent a morpholog-
ical change and became larger, showing a flattened 
and cuboidal phenotype. In fact, highly spread MSCs 
are more prone to commit to the osteoblast lineage, 
whereas round shaped MSCs to the adipocyte lineage. 
Therefore, FAs are also important in differentiation: 
while osteogenesis requires larger numbers of FAs, 
both, adipogenesis and chondrogenesis, are promoted 
by preventing the formation of robust FAs (35). 

Upon osteogenic stimulation, the actin cytoskel-
eton of hMSCs was reorganized into a more vigorous 
network with higher content of robust stress fibers, a 
process that has also been described by Yourek et al. 
(57). Since Lavenus et al. demonstrated a correlation 
between enhanced adhesion and increased FA num-
ber (42), we quantified the number of FA clusters by 
vinculin immunostaining. Vinculin is a plasma mem-

brane associated protein found in adhesion complexes 
and is therefore an ideal marker protein to label in-
tegrin-mediated adhesion (58). Cells cultured on FN 
exhibited an enhanced adhesion and a significantly 
higher number of FAs under osteogenic conditions 
after 4 hours, whereas FA size was significantly de-
creased compared to other ECM protein coatings. 
Moreover, cells on FN and VN contained a high 
number of vinculin clusters located towards the cell 
center under osteogenic conditions, which could be 
considered as mature structures or fibrillar adhesions. 
These types of clusters are found in less motile cells, 
and mediate firm adhesion to the matrix and matrix 
assembly (59).  

It has been shown that FA size correlates with 
the amount of force that is applied (60). The number 
of FA clusters per cell increased on all surfaces under 
growth conditions from 4 hours to 1 day, whereas the 
mean size of the clusters remained the same except on 
VN. The increase in number of adhesion clusters in-
dicates an enhanced adhesion to the substrates over 
time. Roca-Cusachs et al. (61) reported that adhesion 
strength is mediated mainly by α5β1-integrins where-
as integrin αvβ3 is essential for reinforcement and 
mechanotransduction. Under osteogenic conditions, 
however, cells on FN exhibited a high number of 
small FAs whereas after 1 day, fewer but enlarged 
FAs were visible within the cells. This suggests that a 
higher number of dynamic clusters might be needed 
for initial adhesion and spreading to ensure faster FA 
turnover. In contrast, the number of FAs on the other 
ECM coatings increased over time. Compared to the 
average area of FAs formed after 4 hours, the cluster 
size increased in the case of VN but decreased in cells 
cultured on OPN. Since a previous report by Gallant 
et al. (62) demonstrated a correlation between FA area 
and cell adhesion strength, this results indicates 
higher adhesion strength of hMSC on VN. Kundu et 
al. (63) also reported an increased assembly of FA 
correlated with increased phosphorylation of FAK 
and paxillin in MSCs grown on VN. 

Previous studies have shown that integrin α5 
expression is increased during osteoblastic differenti-
ation and furthermore, overexpression of this integrin 
subunit was enough to induce osteogenic differentia-
tion in MSCs (26). However, Cheng et al. (64) showed 
that dexamethasone regulates αvβ3- and α5β1-integrins 
in human osteoblastic cells and Salasznyk et al. (65) 
proposed that activation of αv-integrin through adhe-
sion to VN is sufficient for promoting osteogenic dif-
ferentiation, even in the absence of further osteogenic 
stimuli. Ode et al. (40) also suggested a connection 
between specific integrin expression and cell com-
mitment but, in contrast to Salasznyk et al., could not 
find a promoting role of VN in osteoblastic differen-
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tiation. Although these reports show an involvement 
of integrin-mediated signaling pathways in the regu-
lation of osteoblastic differentiation some of the re-
sults are still a matter of debate.  

In this study, we report on differences in integrin 
gene expression as well as integrin protein levels de-
pending on ECM substrates and culture conditions. 
We observed an upregulation of α5- and αv- integrin 
subunits under osteogenic conditions on all ECM 
coatings whereas both subunits were downregulated 
under growth conditions. While α5 expression was 
maximal on FN, αv was clearly enhanced on VN and 
especially on OPN. This result was also confirmed by 
western blot, therefore proving that elevated expres-
sion levels resulted in increased protein amounts in 
the cells.  

The expression of cell differentiation markers 
was examined by quantitative RT-PCR at 1, 5 and 10 
days after cell seeding onto ECM coatings. ALP is a 
cell-surface glycoprotein that is involved in minerali-
zation process. BSP is a protein, which binds 
cell-surface integrin receptors after being secreted and 
regulates mineralization of ECM. Runx2 (Cbfa1), a 
member of the runt homology domain transcription 
factor family, is the earliest and most specific marker 
of osteoblast differentiation known. Functional stud-
ies have shown that it is a central regulator of osteo-
blast differentiation and function (36-39). The gene 
expression profile of cells cultured on FN and OPN 
showed elevated levels of BSP and Runx2. Therefore, 
it is evident that a relatively higher expression of these 
genes contributes to higher mineral deposition, which 
was seen after 21 days. 

Therefore, these results support the findings of 
Hamidouche et al. (26) and further suggest a positive 
effect of either enhanced α5 levels alone, or increased 
α5 and αv levels on osteoblastic differentiation. Ele-
vated levels of αv alone, however, do not seem to 
promote osteogenic differentiation. 

Conclusion 
The results of this study indicate that when 

MSCs adhere to the RGD-containing glycoproteins 
FN, VN and OPN, αvβ3- and α5β1-integrins differen-
tially regulate cell adhesion, phenotype and differen-
tiation. In particular, β1-integrins appear to be the 
predominant receptor utilized by MSCs to adhere and 
proliferate. For the local regulation of integ-
rin-mediated structures and linkage to the actin cy-
toskeleton, β3-integrins are utilized by MSCs as dom-
inant receptor. Furthermore, these data suggest a 
possible role for the β1-integrins during the commit-
ment of MSCs to osteoblast lineage, whereas 
β3-integrins seem to suppress such process. Hence, 
future studies with engineered fragments and pep-

tides derived from matrix glycoproteins commonly 
found in bone marrow microenvironment and bone 
matrix might be useful to specifically address these 
integrins and further elucidate their role in MSCs 
differentiation in regenerative medicine applications. 

Supplementary Material 
Fig.S1-S2. http://www.medsci.org/v10p1846s1.pdf 
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