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Integrins provide the primary link between mesenchymal stem cells (MSCs) and their surrounding extracellular
matrix (ECM), with different integrin pairs having specificity for different ECM molecules or peptide sequences
contained within them. It is widely acknowledged that the type of ECM present can influence MSC differen-
tiation; however, it is yet to be determined how specific integrin–ECM interactions may alter this or how they
change during differentiation. We determined that human bone marrow–derived mesenchymal stem cells
(hMSCs) express a broad range of integrins in their undifferentiated state and show a dramatic, but transient,
increase in the level of a5 integrin on day 7 of osteogenesis and an increase in a6 integrin expression throughout
adipogenesis. We used a nonfouling polystyrene-block-poly(ethylene oxide)-copolymer (PS-PEO) surface to
present short peptides with defined integrin-binding capabilities (RGD, IKVAV, YIGSR, and RETTAWA) to
hMSCs and investigate the effects of such specific integrin–ECM contacts on differentiation. hMSCs cultured on
these peptides displayed different morphologies and had varying abilities to differentiate along the osteogenic
and adipogenic lineages. The peptide sequences most conducive to differentiation (IKVAV for osteogenesis and
RETTAWA and IKVAV for adipogenesis) were not necessarily those that were bound by those integrin subunits
seen to increase during differentiation. Additionally, we also determined that presentation of RGD, which is
bound by multiple integrins, was required to support long-term viability of hMSCs. Overall we confirm that
integrin–ECM contacts change throughout hMSC differentiation and show that surfaces presenting defined
peptide sequences can be used to target specific integrins and ultimately influence hMSC differentiation. This
platform also provides information for the development of biomaterials capable of directing hMSC differenti-
ation for use in tissue engineering therapies.

Introduction

Tissue engineering involves the integration of functional
biomaterial scaffolds and cells for the restoration of

damaged or diseased tissue. Human bone marrow–derived
mesenchymal stem cells (hMSCs) have attracted much at-
tention as an ideal cell source for a multitude of tissue engi-
neering applications, due to their relative ease of expansion,
broad differentiation potential, and immuno-privileged status
[1–3]. Understanding how hMSCs interpret the surfaces pre-
sented throughout a biomaterial scaffold is thus primary to
the successful development of viable tissue engineering
therapies.

hMSCs interact with such surfaces predominantly through
integrins, cell surface receptors that bind to specific extra-
cellular matrix (ECM) motifs, that link the cell to it’s sur-
rounding physical environment. Integrins bind to their
ligand as a heterodimer comprised of both alpha and beta

subunits and it is through the varying combinations of these
18 alpha and 8 beta subunits that specificity for different
ECM motifs is achieved [4]. Binding of these integrins to the
ECM induces a conformational change in the cytoplasmic
region of beta-integrin subunits and initiates integrin clus-
tering [5,6]. This acts as a core to which additional proteins
(including talin, vinculin, and a-actinin) are recruited, all of
which contain binding sites for actin, thus forming a focal
adhesion [7,8]. In this way integrins, through the assembly of
focal adhesions, connect the ECM to the intracellular actin
cytoskeleton. In addition to these proteins, a large array of
signaling proteins, such as focal adhesion kinase (FAK), Rho,
Rac, and integrin-linked kinase (ILK), are also recruited [9–
11]. Their functions include both regulation of cytoskeletal
remodeling and the assembly or disassembly of the focal
adhesion complex [9,10,11], but they also tie into intracellu-
lar signaling cascades, such as mitogen-activated protein
kinase and C-Jun N-terminal kinase (JNK) [14–16], thereby
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providing a point of convergence for signals generated via
adhesion, to pathways activated in response to growth factor
signaling. This facilitates integration of a signal, initially
generated from integrin–ECM binding, to intracellular cas-
cades and can ultimately lead to changes in gene expression,
and consequently, cell behavior.

Although a number of studies have analyzed naive hMSC
integrin expression, many concentrate on specific subunits.
Studies that survey a more comprehensive panel have resulted
in several (often contradictory) expression profiles. Gronthos
et al. [17] showed that hMSCs express integrins a1b1, a2b1,
a5b1, a6b1, aVb3, and aVb5. However, other studies have also
shown that a3b1 [18,19] as well as b2 and b4 subunits may
also be expressed [18,20]. Further, a recent microarray analysis
demonstrated additional transcription of integrins a11, aX, b7,
and b8 [21]. In terms of hMSC differentiation, the majority of
interest has focused on determining the expression pattern
throughout chondrogenesis and resolving the changes that
occur during chondrocyte dedifferentiation [22–24]. Less at-
tention has focused on osteogenic differentiation and most
information has been gathered using cell lines or committed
osteoblasts rather than primary hMSCs. The available evi-
dence suggests that osteogenesis may be dependent upon the
activity of b1 integrin [17] that can partner with multiple a
subunits, although there are suggestions that a5 integrin,
which is induced by the osteogenic factor dexamethasone,
may also be important [25,26]. Similarly, adipogenic differ-
entiation of hMSCs has not been characterized and data are
only available from preadipocyte cell lines [27].

As integrins provide the primary link between cells and
their matrix, the composition of the ECM (which facilitates
binding of specific integrin pairs) is also a key aspect when
determining the optimal conditions for hMSC differentiation.
To date, ECM proteins have been shown to have varying
abilities to support osteogenic [18,28–32] or adipogenic [33]
differentiation of hMSCs and attempts have been made to
determine the specific ECM motifs involved. However, the
ECM is structurally complex with components that contain
repeating units, as well as multiple adhesion motifs, whose
presentation can greatly affect cell outcomes. Martino et al.
[34] showed that different domains of fibronectin had vary-
ing abilities to promote osteogenesis through differing af-
finity for integrins a5b1 and aVb3, and the switch between
native and denatured conformations of collagen-I and col-
lagen-IV has been shown to influence osteogenesis [35] and
adipogenesis [33], respectively. Together with the limited
understanding of integrin expression changes during hMSC
differentiation, this makes it very difficult to determine (and
therefore optimize for tissue engineering strategies) the
specific integrin–ligand interactions responsible.

We hypothesized that by gaining a clear understanding of
the changes to both hMSC integrin expression and ECM
composition during differentiation, biomaterials could be
tailored to match such changes and thereby optimize dif-
ferentiation. We first investigated the integrin expression
in both naive hMSCs and hMSCs undergoing osteogenic
and adipogenic differentiation. To simplify the complex
extracellular environment, we used a self-assembled mal-
eimide-functionalized polystyrene-block-poly(ethylene ox-
ide) copolymer (PS-PEO) surface [36] to present short
(6–15mer) peptide sequences to hMSCs with known speci-
ficity for a limited number of integrin pairs. The cell-binding

motifs presented were RGD, RRETAWA, IKVAV, and
YIGSR. RGD is a widely occurring cell adhesion motif that is
known to bind through integrins a5b1, a8b1, aVb1, aIIbb3,
aVb3, aVb5, and aVb6 [37,38], while RRETAWA is a syn-
thetically derived sequence with specificity for only a5b1
[39]. IKVAV and YIGSR are both laminin-derived motifs;
IKVAV is a binding domain from the laminin a1 chain, while
YIGSR is derived from the b1 chain [40,41]. Both motifs are
thought to be bound through combinations of a3b1, a4b1,
and a6b1 integrins, although there are conflicting reports
within literature [42–44]. This highly tailored surface was
then used to determine how specific integrin–ligand inter-
actions affect hMSC differentiation. This provides vital
knowledge for the future development of biomaterials that
present appropriate signals to achieve directed differentia-
tion of hMSCs for tissue engineering applications.

Materials and Methods

All materials were purchased from Sigma unless other-
wise stated. Peptides were ordered from Genscript.

hMSC culture and characterization

hMSCs were isolated from the bone marrow of healthy
18–60-year-old volunteers after obtaining written informed
consent (MHS HREC number 740A, MMRI ethics number
32). Briefly, 10 mL of bone marrow aspirate taken from the
iliac crest was resuspended in 20 mL phosphate-buffered
saline (PBS) and the mononuclear fraction was separated by
Percoll density gradient. The mononuclear cells were re-
suspended in low-glucose Dulbecco’s modified Eagle’s me-
dium (DMEM) supplemented with penicillin/streptomycin
(10,000 units; Gibco/Invitrogen) and 10% fetal bovine serum
(FBS) and cultured in tissue culture flasks at 37�C in a hu-
midified 5% CO2 in air environment. After 24 h nonadherent
cells were removed by exchanging the medium and the re-
maining cells were cultured with media changes every 3–4
days and passaging at 80% confluence. hMSCs at P4 were
characterized by flow cytometry expressing surface markers
CD29, CD44, CD49a, CD73, CD90, CD105, CD146, and
CD166 and negative for CD34 and CD45. The cells displayed
trilineage differentiation potential along the osteogenic,
chondrogenic, and adipogenic lineages. hMSC characteriza-
tion data can be found within a previous publication [45].

Differentiation

hMSCs were differentiated into the adipogenic and oste-
ogenic lineages using standard differentiation protocols. For
osteogenic differentiation, hMSCs were cultured in media
containing 10% FBS, 100 ng$mL - 1 dexamethasone, 50 mM
ascorbate-2-phosphate, and 10 mM b-glycerophosphate in
low-glucose DMEM, which was changed every 3–4 days.
Differentiation was assessed via staining of alkaline phos-
phatase and calcium phosphate deposits (using Alizarin red)
at 7, 14, and 21 days. For adipogenic differentiation, hMSCs
were cultured in media containing 10% FBS, 1mg$mL - 1

dexamethasone, 0.2 mM indomethacin, 0.5 mM isobutyl-1-
methylxanthine, and 10mg$mL - 1 insulin in DMEM, which
was changed every 3–4 days. Differentiation was assessed
via Oil Red O staining of the fatty vacuoles at 7, 14, and
21 days.
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For integrin and ECM expression analysis, hMSCs were
seeded at 1 · 104 cells per cm2 and 2 · 104 cells per cm2 for
osteogenic and adipogenic differentiation, respectively
(standard differentiation densities), while differentiation
upon the PS-PEO substrates was performed at a density of
5 · 103 cells per cm2 for both lineages.

Histological staining

After differentiation the extent of osteogenic differentia-
tion was assessed by alkaline phosphatase and Alizarin red
staining. To detect alkaline phosphatase activity hMSCs were
washed with PBS and incubated in 1 mg$mL - 1 Fast Red-TR
and 0.2 mg mL - 1 Napthol AS-MX Phosphate in 0.1 M Tris-
HCl (pH 9.2) for 2 min at room temperature (RT). Cultures
were then washed with dH2O and fixed in 4% paraformal-
dehyde (PFA). Alizarin red staining was performed on
hMSC cultures fixed for 10 min in 4% PFA. The cells were
then washed thoroughly in dH2O and stained with 2% Ali-
zarin red (pH 4.2) for 30 min. Adipogenic differentiation was
assessed by staining for 30 min using 60% Oil Red O in water
(from a 0.5% Oil Red O in isopropanol stock).

Flow cytometric analysis of integrin
subunit expression

Cells were detached from culture and then live, unfixed
cells were stained for antibodies against a1 (clone-FB12), a2
(clone-P1E6), a3 (clone-P1B1), a4 (clone-P1H4), a5 (clone-
P1D6), a6 (clone-NKIGoH3), and aV (clone-P3G8), and b1
(clone-MAR4), b2 (clone-P4H9), b3 (clone-25E11), b4 (clone-
ASC-9), and b5 (clone-N/A) integrins {all from Millipore
[a-integrin kit (ECM430) and b-integrin kit (ECM440)], ex-
cept b1 integrin from BD Bioscience (555442)}. These were
then visualized using appropriate secondary antibodies
raised against mouse-IgG1, mouse-IgG2A, rat-IgG, and
rabbit-IgG conjugated to Alexafluor 488 (all from Invitro-
gen). The samples were analyzed on an LSRII flow cytometer
(B&D Biosciences) counting at least 10,000 cells per condi-
tion. Mature adipocytes were gated according to increased
forward and side-scatter properties associated with an in-
crease in both cell size and lipid vacuole formation (Sup-
plementary Fig. S1A; Supplementary Data are available
online at www.liebertonline.com/scd). The percentage of the
cell population with positive expression was classified as
that above 95% of the appropriate IgG control population.
Representative histogram profiles are displayed in Supple-
mentary Fig. S1B.

Cell morphology and ECM immunolocalization

hMSCs were fixed in 1% PFA for 10 min at room tem-
perature followed by incubation in blocking buffer (3% bo-
vine serum albumin in PBS) for 60 min. Cells were then
stained with primary antibodies specific to fibronectin
(1:400; Sigma-Aldrich), laminin (1:100), collagen-I (1:200),
and collagen-IV (1:200; all from Abcam) or the relevant IgG
control (Invitrogen) for 45 min at RT and with Alexa 488-
conjugated secondary antibodies (Invitrogen and Abcam) for
30 min at RT. Cells were then permeabilized with 0.1% Triton
X-100 and stained with Hoechst 33342 (1:2,000) and rhoda-
mine-phalloidin (1:40) for 45 min at RT. Stained cells were
imaged using an Olympus IX81 fluorescent microscope.

Preparation of block copolymer surfaces

PS-PEO copolymer with 51 kDa polystyrene (PS) block
and 11.5 kDa PEO block (Polymer Source Pty. Ltd.) was
maleimide functionalized as described previously [36]. This
was made up as a 1% (w/v) solution in toluene (Sigma-
Aldrich) and spin-coated onto glass coverslips. These sur-
faces were sterilized in 70% ethanol before incubation for 2 h
with 20 mg$mL - 1 peptide (CGRGDS, CGGGRRETAWA,
CGQAASIKVAVSADR, or CGGEGYGEGYIGSR) in 0.1 M
sodium phosphate/0.15 M sodium chloride/10 mM ethyle-
nediaminetetraacetic acid (pH 7.2). Surfaces were washed
thoroughly in PBS prior to cell attachment.

Integrin-blocking assays

hMSCs were incubated with blocking antibodies to specific
integrins a3, a4, a5, a6, and a8 [Abcam (ab56355)]; aV and
aIIbb3 [clone-PAC-1; BD Bioscience (340535)]; b1, b3, b5, and
aVb6 [clone-10D5; Millipore (MAB2077Z)] for 1 h prior to cell
seeding (if antibody details are not stated, refer to those pre-
viously listed). Antibodies were used at a concentration of
10mg$mL- 1, with the exception of a8 and b1 that were used at
5mg$mL- 1. hMSCs were then seeded onto peptide surfaces at
a density of 5,000 cells per cm2 in serum-free media, with
blocking antibodies still present, and allowed to attach for 2 h.
To determine cell attachment levels, cells were washed twice
in PBS and fixed for 20 min in 4% PFA (Sigma-Aldrich). Cells
were stained with 0.1% (w/v) crystal violet (Sigma-Aldrich)
in 200 mM 2-(N-morpholine) ethanesulfonic acid (Sigma-
Aldrich) (pH 6.0) for 10 min and washed 5 times in ddH2O to
remove excess crystal violet before addition of 200mL of 10%
glacial acetic acid. Absorbance was read at 590 nm using a
Spectramax M5 Fluorometer (Molecular Devices).

Quantitative real-time polymerase chain reaction

After 10 days of differentiation on the different peptide
surfaces, total RNA was extracted using the RNeasy Minikit
with on-column DNase treatment (Qiagen) according to the
manufacturer’s instructions. cDNA was synthesized using
100 ng RNA and 200 U SuperScript III, or the equivalent
volume of DNase and RNase-free water for no-RT controls,
in a total volume of 25mL. qPCRs were set up in a total
volume of 10mL with 1 · Platinum SYBR Green qPCR Su-
perMix-UDG (Invitrogen) and 0.2mM forward and reverse
primers (Table 1). A 7500 Fast Real-Time PCR System (Ap-
plied Biosystems) with fast cycling parameters of 2 min at
50�C, 2 min at 95�C, and then 40 cycles of 3 s at 95�C and 30 s
at 60�C followed by a melt curve was used to run the samples.
Data were analyzed using the 2 -DCt method using glyceral-
dehyde 3-phosphate dehydrogenase (GAPDH) as a reference
gene. Levels of GAPDH were determined to be constant
[statistically equivalent using analysis of variance (ANOVA)
(P = 0.4–1)] across all conditions (Supplementary Fig. S2).

Results and Discussion

Naive hMSCs express a wide range
of integrin subunits

Flow cytometry was used to determine the integrin ex-
pression profile of naive bone marrow–derived hMSCs from
4 independent donors. Over 80% of the population expressed
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a1, a3, aV, and b1 and b2 integrins, while a2, a4, and a5 were
expressed by 40%–80% of hMSCs (Fig. 1). The lower mean
expression of these can be attributed to large interdonor
variability; 2 of the 4 donors expressed high levels of in-
tegrins a2 and a4 and 1 donor expressed high levels of a5
(Table 2). Less than 20% of the population expressed in-
tegrins a6, b3, b4, and b5.

Our study is consistent with others in showing that
hMSCs express a1, a2, a5, aV, and b1 integrins, although we
observe lower levels of a6 than is commonly reported
[17,21,46]. We also observed significant expression of the a3
and b2 integrin subunits (b2 had the highest mean fluores-
cent intensity of all integrins; data not shown). These in-
tegrins have been previously reported to be expressed by
hMSCs, although their observed expression is inconsistent
between studies. a3 is expressed by whole plastic adherent
hMSC populations, while it is not detected when examining
Stro-1-selected hMSCs, and as such, expression may be a
result of the starting population used [17]. Similarly, b2 ex-
pression has been previously described [47,48] but it is not
ubiquitously reported. However, due to the alpha subunits
that dimerize with b2 integrin (aD, aM, and aX), it is not
likely to be a major mediator of ECM interactions but could
be involved in cell–cell interactions [49]. We also observed a
large amount of interdonor variability in the integrin sub-
units a4, b3, b4, and b5. This is consistent with a recent study
by Semon et al. [48] that also observed significant hMSC
donor–donor variability and could explain the contradictory
expression levels previously reported for integrins a4, b3,
and b4 [46,48,50].

hMSC integrin expression changes
during osteogenic differentiation

We then investigated how integrin expression would
change during hMSC differentiation along the osteo- and

adipogenic lineages (chondrogenic differentiation has been
well studied and so was not investigated [22,24,51,52]). Flow
cytometry was used to determine the expression of our panel
of integrin subunits after 7, 14, and 21 days of differentiation
and lineage commitment was confirmed by alkaline phos-
phatase and Alizarin red staining for osteogenesis (Supple-
mentary Fig. S3A, B) and Oil Red O staining for adipogenesis
(Supplementary Fig. S3C).

During osteogenic differentiation we observed a signifi-
cant, but transient, increase in integrin a5 on day 7, with the
proportion of a5-positive cells increasing from 28% in naive
MSCs to 99% and subsequently decreasing to 15% and 7% on
days 14 and 21, respectively. There was also a significant re-
duction in the expression of integrins a1, a2, and a3 on day 21
of osteogenesis. In addition, a decreasing trend in the levels of
a4, b3, and b4 subunits was observed, with expression re-
duced to < 20% in all donors by day 21 (although due to
variation in the level in the initial population these were not
statistically significant) (Fig. 2; Supplementary Table S1).

The transient expression of a5 integrin that we observed is
consistent with previous studies investigating MSC–osteo-
blast differentiation [26,34,53]. It has also been suggested that
integrins a2b1 and avb3 increase transiently at day 7 of os-
teogenesis, decreasing to basal levels by day 14 [53]. How-
ever, in contrast to integrin a5, we did not observe a peak in
the expression of these subunits. Instead we observed a re-
duction in a2, aV, and b3 expression on day 14 compared
with initial levels (although donor variability meant that
these changes were not statistically significant). We hy-
pothesize that these and other changes in integrin expression
may be due to time in culture and confluence because the

FIG. 1. Integrin expression profile of bone marrow–derived
hMSCs. The mean percentage of the hMSC population ex-
pressing each integrin subunit is shown ( – SD) for hMSCs
from 4 independent donors. MSCs, mesenchymal stem cells;
hMSCs, human bone marrow–derived MSCs; SD, standard
deviation.

Table 2. Integrin Expression by Bone Marrow–Derived

Mesenchymal Stem Cells

Percentage expression

Integrin Donor 1 Donor 2 Donor 3 Donor 4 Mean SD

a1 87.9 71 91.5 95.9 86.6 10.9
a2 72.2 46.2 51.2 82.2 63.0 17.1
a3 100 97.6 100 92.7 97.6 3.4
a4 89.9 20 58 83.1 62.8 31.6
a5 99.9 14.1 36.1 35.2 46.3 37.1
a6 15.9 4.89 5.39 8.33 8.6 5.1
aV 99.8 92.9 99.4 99.8 98.0 3.4
b1 79 96.6 99.4 98.6 93.4 9.7
b2 99.6 95.4 99.1 99.9 98.5 2.1
b3 8.62 8.47 7.75 57.9 20.7 24.8
b4 12.7 7.44 7.28 56.2 20.9 23.7
b5 24.7 5.74 7.56 3.66 10.4 9.7

The percentage of the population expressing each integrin subunit
for hMSCs from 4 independent donors is presented in the table.

SD, standard deviation.

Table 1. Details of qPCR Primer Sequences

Gene Forward primer 5¢-3¢ Reverse primer 5¢-3¢ NCBI accession number

GAPDH ATGGGGAAGGTGAAGGTCG TAAAAGCAGCCCTGGTGACC
PPARc GGCTTCATGACAAGGGAGTTTC AACTCAAACTTGGGCTCCATAAAG NM_015869
LPL GAGGTACTTTTCAGCCAGGATGTAAC AGCTGGTCCACATCTCCAAGTC BT006726
Runx2 AGTGATTTAGGGCGCATTCCT GGAGGGCCGTGGGTTCT NM001024630
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decrease in a2, a3, a4, b3, and b4 expression under osteo-
genic conditions was mirrored within cultures expanded for
21 days under control conditions (Supplementary Fig. S4).
Changes in integrin expression in response to confluency
have also been suggested in previous studies [48].

hMSC integrin expression changes
during adipogenic differentiation

For adipogenic differentiation we observed a significantly
increased proportion of a6-positive hMSCs after 21 days of
differentiation as well as a significant reduction in a2 and a4
integrins after 14 and 21 days and in a3 integrin after 21 days
(Fig. 3; Supplementary Table S2). Similar to osteogenesis,
there was again a decreasing trend in the levels of a4, b3, and
b4 subunits for those donors in which there were substantial
levels in the undifferentiated population.

The increase in expression of a6 integrin correlates with
Liu et al. [27] who described a switch from a5 to a6 integrin
expression during differentiation of 3T3-L1 preadipocytes,
although we are the first to report the changes in integrin
expression during adipogenic differentiation of primary
hMSCs. Our results differ in that we do not observe a sig-
nificant decrease in a5 expression. The reduced expression of
a2, a3, a4, b3, and b4 is similar to decreases seen within
osteogenesis and under control conditions. This further
supports our hypothesis that expression of these integrin

subunits changes as a result of time in culture and prolonged
confluence.

Deposition of collagen-I and collagen-IV increases
during osteogenesis

To investigate how changes in integrin expression may
correlate with any changes in the ECM that the integrins
bind to, we used immunocytochemistry to examine both the
expression levels and organization of collagen-I, collagen-IV,
fibronectin, and laminin during differentiation.

During osteogenesis, levels of collagen-I and collagen-IV
increased. This collagen was initially in the form of fibrillar
strands but was reorganized to a diffuse, less-defined globular
pattern by days 14 and 21. Fibronectin levels decreased as the
hMSCs both underwent osteogenesis and were sustained in
culture although this degradation was more prominent within
the differentiation conditions. This was organized as strands
that aligned predominately with actin filaments. No laminin
was detected in any of the cultures (Fig. 4).

This data is consistent with previous reports that collagen-
I synthesis increases during MSC to osteoblast differentiation
[53,54] as well as the high expression reported for human
osteoblasts [55,56]. Fibronectin has been shown to be ex-
pressed throughout osteogenesis with levels remaining rel-
atively unchanged in both control and osteogenic conditions
[53,54], which differs from the decreased expression we

FIG. 2. Integrin expression in hMSCs throughout osteogenic differentiation. The mean percentage of the hMSC population
expressing each integrin subunit is shown ( – SD) for hMSCs from 3 independent donors after 7, 14, and 21 days of osteogenic
differentiation. Statistical significance was determined by one-way analysis of variance (ANOVA); *P < 0.05.
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observed at the end stage of differentiation. The highly
aligned arrangement of fibronectin we observed also differs
to that seen by Kundu et al. [53a], who described a disor-
ganized fibronectin arrangement. However, our data more
closely matches with the fibronectin deposited by human
osteoblasts cultured in vitro [57].

Laminin deposition increases with adipogenic
differentiation

During adipogenesis there was an increase in the level of
collagen-I, collagen-IV, and laminin, with notable deposition
of collagen-IV and laminin by day 14 and of collagen-I by
day 21 (Fig. 5). The laminin was organized as punctuate dots,
and by overlaying phase-contrast images with immunoflu-
orescence, it was clear that the laminin was distributed pri-
marily around those cells with well-developed fat vacuoles
(Fig. 5, inset). Similar to osteogenesis, the structure of the
deposited collagens changed from fibrillar strands to a more
globular structure. Fibronectin was also remodeled in the
adipogenic cultures to a less diffuse, globular arrangement
by day 14 and was completely absent by day 21. This con-
trasted with the progressive increase in fibronectin deposi-
tion seen in undifferentiated cultures.

There are no previous reports of the changes to ECM ex-
pression and arrangement as hMSCs undergo adipogenesis.
However, our data is consistent with studies using pre-
adipocyte cell lines that show an increased collagen-I, colla-

gen-IV, and laminin expression and a degradation of
fibronectin [58–60]. Integrin a6 is a known laminin-binding
integrin and so the increased laminin that we observe during
adipogenesis correlates with the increase in a6 expression
and has also been shown to control the migration and ag-
gregation of adipocytes on laminin substrates [27].

hMSCs adhere to peptide motifs via specific
integrin pairs

To probe explicit integrin–ECM interactions and how
these influence hMSC behavior and differentiation potential,
we used a PS-PEO copolymer surface [36,61] as a platform
with which to present ECM-mimetic peptides with known
integrin specificity to hMSCs (Fig. 6A, B). This substrate
consists of a microphase-separated surface of separate, ver-
tically oriented PEO cylinders within a background of PS
polymer. The cell adhesion peptides are tethered to the PEO
chains thereby producing a substrate upon which short
specific sequences are presented to the cells in a geospa-
tially controlled manner. The motifs presented were the
fibronectin-derived RGD, the laminin-derived IKVAV and
YIGSR sequences, and RRETAWA, a synthetic sequence
with specificity for a5b1 integrin [39].

To confirm integrin-peptide specificity, hMSCs were
treated with integrin-blocking antibodies and their adhesion
to each of the different peptide motifs was assessed. At-
tachment to RGD was significantly diminished when

FIG. 3. Integrin expression in hMSCs throughout adipogenic differentiation. The mean percentage of the hMSC population
expressing each integrin subunit is shown ( – SD) for hMSCs from 4 independent donors after 7, 14, and 21 days of adipogenic
differentiation. Statistical significance was determined by one-way ANOVA; *P < 0.05.
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integrins a5b1, aVb1, aVb3, aVb5, and aVb6 were blocked,
with adhesion completely abolished when all known RGD
ligating integrins were blocked together (Fig. 6C). This was
equivalent to surfaces functionalized with a cryptic RGD
peptide, which also showed no cell adhesion. This demon-
strates that hMSC adhesion to the PS-PEO surfaces was
mediated through the RGD peptide and more specifically
through the explicit interactions of the integrin subunits a5,
aV, b1, b3, b5, and b6. Binding to RGD has been reported
for multiple integrin subunits, of which the majority of
binding is known to be facilitated by a5b1, aVb3, and aVb5
[38,39,62]. This correlates well with our data, as these in-
tegrin subunits, in addition to aVb1, were responsible for the
majority of adhesion (*80%). Adhesion to the a5b1-specific
RRETAWA motif [39] was significantly reduced, to approx-
imately 10% of that of the isotype control, in the presence of
antibodies directed against a5b1, but not by antibodies that
blocked aVb3, thus confirming specificity of binding to the
a5b1 sequence (Fig. 6D). IKVAV and YIGSR sequences are
known to be bound by integrins a3b1, a4b1, and a6b1
[42,43]. We found that adhesion to both sequences was sig-
nificantly diminished in the presence of both a4- and a6b1-
blocking antibodies but was not affected when blocking

a3b1. There was also a significant reduction in hMSC
adhesion to YIGSR when blocking integrins a4b1 and a6b1
individually; however, adhesion to IKVAV was only signif-
icantly reduced when blocking a4b1 (a6b1, P-value = 0.06)
(Fig. 6E, F), showing some differences in the specificity for
the 2 different laminin-derived sequences. In some cases
there was some residual binding of hMSCs to the PS-PEO
surfaces (between 10% and 30% of isotype control). It is
likely that this is due to incomplete antibody blocking and
integrin recycling because, even in the presence of serum,
hMSCs could not adhere to nonfunctionalized PS-PEO sur-
faces (Fig. 8D). This supports previous work in our labora-
tory on the nonfouling nature of this surface [61] and the
specificity of the interaction of the hMSCs to peptides pre-
sented on the PS-PEO surfaces. This system thus provided an
ideal platform with which to further probe the effect of
integrin–ECM interactions on hMSC differentiation.

hMSC morphology is affected by different
ECM motifs

Due to the central role of integrin binding in cell adhe-
sion and spreading through focal adhesion assembly and

FIG. 4. Immunolocalization
of ECM components during
osteogenic differentiation.
Immunofluorescent staining
of hMSCs for fibronectin,
collagen-I, collagen-IV, and
laminin after 7, 14, and 21
days of osteogenic differenti-
ation showing ECM compo-
nents (green), actin (red), and
nuclei (blue). Scale bars rep-
resent 200mm. ECM, extracel-
lular matrix. Color images
available online at www
.liebertonline.com/scd
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cytoskeletal remodeling, we first investigated the effect of the
different peptide motifs on hMSC morphology. hMSCs were
seeded (under serum-free conditions) onto surfaces present-
ing each of the peptides and their morphology was assessed
after 24 h. hMSCs had the greatest ability to spread on sub-
strates presenting RGD peptide, displaying a classic fibro-
blastic morphology. Some spreading was also observed on
RRETAWA, although the morphology of these hMSCs was
somewhat different, with cells extending 3–4 broad filopo-
dia. On both IKVAV and YIGSR, the hMSCs did not spread
and remained rounded, although those on YIGSR showed
some membrane protrusion around the cell periphery (Fig.
7A). Closer analysis of the cytoskeleton showed that hMSCs
on RGD had prominent stress fibers running through the cell
body with distinct focal adhesions localized at their ends.
These stress fibers were also evident in hMSCs on RRETA-
WA, although these were arranged around the periphery of
the cell. Neither hMSCs on IKVAV or YIGSR developed
stress fibers, instead presented a disorganized actin cyto-
skeleton mainly localized at the cell periphery. Consistent
with the lack of stress fiber development, no mature focal
adhesions were detected in hMSCs on RRETAWA, IKVAV,
or YIGSR (Fig. 7B).

The greatest amount of spreading was observed on the
RGD peptide, which is bound by a5b1, a8b1, aVb1, aIIbb3,
aVb3, aVb5, and aVb6 integrins. A study by Roca-Cusachs
et al. [53] determined that the integrins a5b1 and aVb3 have
different functions, with a5b1 determining adhesion strength
while aVb3 mediated mechanotransduction [65]. The differ-
ences in spreading and cell morphology observed between
hMSCs on RGD and RRETAWA (which is only bound by
a5b1) may therefore suggest that both of these functions
need to be fulfilled for effective cell spreading and cyto-
skeletal organization. In addition, RGD and RRETAWA
were the only peptides on which hMSCs could form stress
fibers. This suggests that the adhesions formed with a5b1
and not a4b1 or a6b1 integrin (as is the case on IKVAV and
YIGSR) are required for stress fiber assembly. Overall, these
observations demonstrate that engagement of different in-
tegrins can profoundly influence hMSC spreading, shape,
and cytoskeletal organization.

hMSC survival on different ECM motifs

When initial differentiation studies were conducted we
found that RRETAWA, IKVAV, or YIGSR alone could only

FIG. 5. Immunolocalization
of ECM components during
adipogenic differentiation.
Immunofluorescent staining
of hMSCs for fibronectin,
collagen-I, collagen-IV, and
laminin after 7, 14, and 21
days of adipogenic differenti-
ation showing ECM compo-
nents (green), actin (red), and
nuclei (blue). Scale bars rep-
resent 200 mm. Insets show
phase-contrast images over-
laid with laminin expression.
Color images available online
at www.liebertonline.com/scd
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FIG. 6. Adhesion of hMSCs to specific peptides presented on defined PS-PEO surfaces. Atomic force microscopy (AFM)
image of a PS-PEO surface showing a background of PS with nanoislands of PEO to which adhesion peptides were bound
(A). Schematic representation of the PS-PEO surfaces presenting short peptide sequences with specificity for different in-
tegrins (B). Integrin blocking of hMSC adhesion PS-PEO surfaces functionalized with (C) RGD, (D) RRETAWA, (E) IKVAV,
and (F) YIGSR peptides. Adhesion is presented as mean percentage relative to isotype control treated hMSCs on PS-PEO
surfaces for n = 3. Statistical significance was determined by one-way ANOVA, *P < 0.05, relative to cells only. PS-PEO,
polystyrene-block-poly(ethylene oxide) block copolymer; PS, polystyrene. Color images available online at www
.liebertonline.com/scd

FIG. 7. hMSC morphology on different peptide motifs. Staining showing actin (green), focal adhesion (vinculin; red), and
nuclei (blue) of hMSCs after 24 h on PS-PEO surfaces presenting different ECM motifs. Scale bars = 50mm (A) and 50mm (B).
Insets show the vinculin staining alone. Color images available online at www.liebertonline.com/scd
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support hMSCs, in terms of attachment and viability, for
periods shorter than 48 h (Supplementary Fig. S5A). To ex-
tend hMSC viability for the prolonged timescales required to
determine differentiation potential, RGD peptide was added
to surfaces presenting RRETAWA, IKVAV, or YIGSR pep-
tides, over the range of 20%–1% RGD. Previous studies by
our group have determined that when using molecules of a
similar size, as is the case with the peptides used here, the
attachment to the surface is homogenous and comparable to
the ratio of ligand in solution [66]. The minimum level of
RGD required to maintain hMSC attachment and viability
for longer-term studies was 10% (Fig. 8C; Supplementary
Fig. S5). The use of these substrates provided good adhesion
across all peptides and allowed hMSCs to spread to a greater
extent than seen on IKVAV or YIGSR alone, although dif-
ferences in cell morphology were still visible between the
different surfaces (Fig. 8A, B), indicating that the cells were
responding to the major peptide presented on each surface.

ECM motifs influence osteogenic differentiation
of hMSCs

hMSCs were seeded onto the different peptides and al-
lowed to adhere in the absence of serum for 4 h. After this time
the culture medium was replaced with medium containing
osteogenic supplements [including FBS, although control cul-

tures showed no attachment of hMSCs to blank PS-PEO
substrates in the presence of FBS at any time up to 7 days (Fig.
8D)]. After 10 days of differentiation the relative expression of
Runx2 was significantly higher in hMSCs cultured on IKVAV
surfaces compared with either RETTAWA or YIGSR (Fig. 9A).
There were no significant differences in expression between
hMSCs cultured on the other peptides. This correlated well
with alkaline phosphatase staining, which showed increased
activity in all differentiated cultures compared with the un-
differentiated controls and particularly intense staining for
hMSCs cultured on surfaces presenting IKVAV (Fig. 9B).

These results are unexpected, as we hypothesized that
RRETAWA, which is specific for a5b1 integrin, would be the
optimum peptide to promote osteogenesis. This is based on
our data showing that a5 expression increases dramatically
after 7 days of differentiation, as well as evidence that in-
creasing the level of a5 via lentiviral overexpression en-
hances osteogenesis [26]. In addition, priming a5 with
activating antibodies or soluble RRETAWA increased os-
teogenesis [26]. One explanation for this discrepancy may be
that the hMSCs in the study by Hamidouche et al. [26] were
firstly attached to tissue culture plastic and then treated with
RRETAWA and so several integrins may have been activated
due the adhesion of the cells to FBS adsorbed to the culture
surface, in addition to the priming of a5 with the soluble
peptide. This is very different to our defined surface in which

FIG. 8. Attachment and morphology of hMSCs on PS-PEO surfaces presenting peptides together with 10% RGD. (A)
Adhesion of hMSCs to the peptide surfaces, presented as mean percentage relative to RGD-functionalized surfaces, n = 3.
Statistical significance was determined by one-way ANOVA, *P < 0.05, as compared with adhesion to the nonfunctionalized
surfaces. (B) hMSC morphology on PS-PEO surfaces presenting different peptide motifs with 10% RGD. Staining shows actin
(green), focal adhesion (vinculin; red), and nuclei (blue) of hMSCs after 24 h. (C) Schematic arrangement of the 10%–90%
peptide surface functionalization. (D) Photomicrographs of hMSCs on an uncoated and RGD-functionalized PS-PEO surfaces
after 1 week of culture in standard culture medium (low glucose Dulbecco’s modified Eagle medium [LG-DMEM] plus 10%
fetal bovine serum). Color images available online at www.liebertonline.com/scd
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only the a5-specific peptide RRETAWA (and the small pro-
portion of RGD that is bound predominately by a5b1, aVb1,
aVb3, aVb5, and aVb6) would be available for integrin
binding. This may also explain why the best surface for os-
teogenesis was that presenting IKVAV, as this surface has
potential for activating integrins a4b1 and a6b1, as well as
a5b1, aVb1, aVb3, aVb5, and aVb6 bound by the RGD
component, providing a much broader range of integrin
activation than the RRETAWA-functionalized surfaces, or
those presenting RGD only.

It is clear from previous studies that a number of different
ECM molecules can support osteogenesis, with hMSCs cul-
tured on laminin-5, collagen-I, and vitronectin showing in-
creased differentiation (in comparison to tissue culture
plastic [TCP]) through interactions that were primarily me-
diated by integrins a3 and a6 for laminin-5 and a2b1 or aVb3
for collagen-I and vitronectin, respectively [18,31]. Although
these demonstrate that differentiation can be facilitated by
the binding of a number of integrin subunits (in a way that is
thought to involve signaling through a common mechanism
involving FAK and ERK [18,26,29,30,67]), the complexity of
the ECM molecules means that the effects of the individual
integrin–matrix interactions could not be completely re-
solved. The ability to present a defined surface displaying
specific, short peptide sequences that are only bound by 1 or
2 integrins allows us to see, for the first time, that recruitment

of a wider range of integrins seems to be required for effi-
cient differentiation to occur. Together with the fact that the
situation is not as predictable as using the observed increase
in a5 expression to enhance osteogenesis via a peptide spe-
cific for a5b1 integrin, this highlights the value of a defined
platform, such as the PS-PEO surface, in elucidating the ef-
fects of such interactions on hMSC fate.

ECM motifs influence adipogenic differentiation
of hMSCs

We next investigated whether the activation of different
integrins via presentation of these ECM motifs, and the
subsequent induced changes in cell morphology and cyto-
skeletal organization, would influence adipogenesis. The PS-
PEO surfaces were used to present specific peptide motifs to
hMSCs in conjunction with adipogenic supplements. After
10 days of differentiation the relative expression of peroxi-
some proliferator-activated receptor gamma (PPARc) and
lipoprotein lipase (LPL) was significantly higher in all adi-
pogenic cultures compared with the TCP control condition,
indicating that differentiation had occurred on all surfaces
(Fig. 10A, B). IKVAV was once again found to be the most
conducive surface for differentiation. While there was no
significant difference in PPARc expression between the dif-
ferent conditions, there was significantly higher expression

FIG. 9. Osteogenesis of hMSCs on
different peptide motifs. qPCR deter-
mination of the relative expression of
Runx2 (A) in hMSCs differentiated for
10 days on different peptide surfaces.
Data is presented as mean – SEM, n > 6.
Statistical significance was determined
by one-way ANOVA; *P < 0.05. (B)
Alkaline phosphatase staining of oste-
ogenic hMSCs. Scale bar = 100 mm.
SEM, standard error of mean. Color
images available online at www
.liebertonline.com/scd
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of LPL in hMSCs on IKVAV and RRETAWA surfaces as
compared with RGD. This was also reflected in the Oil Red O
staining, with hMSCs on IKVAV displaying the greatest
amount of fat vacuoles, followed by RRETAWA and YIGSR,
with the least on RGD (Fig. 10C). Interestingly, it was ob-
served that hMSCs on RGD retained the typical spindle
morphology, in contrast to the large rounded morphology
adapted by all of the other conditions (Fig. 10C, inset).

Although the effects of ECM on adipogenesis in hMSCs
are unreported, the increased differentiation that we observe
on PS-PEO surfaces presenting IKVAV corresponds well
with our earlier data showing that expression of both lami-
nin and integrin a6 (which binds to laminin) is increased
during adipogenesis. It is again interesting to note the dif-
ferent outcomes for hMSCs on the laminin-derived peptides
IKVAV and YIGSR, which further suggests functional dif-

ferences in the downstream signaling affected by integrin
binding to each of these motifs. The enhanced differentiation
on IKVAV, compared with the fibronectin-derived RGD
motif, also correlates with work on preadipocyte cell lines
showing that laminin promoted adipogenesis [68], while fi-
bronectin leads to the inhibition of differentiation by halting
the necessary morphological changes (i.e., rounding up)
[69,70]. This may indicate that the degradation of fibronectin
that we observed in our analysis of ECM is necessary for
successful progression down the adipogenic lineage. How-
ever, it is also important to note that it was necessary to
functionalize the PS-PEO surface with 10% RGD peptide in
addition to the 90% IKVAV in order to facilitate cell survival
for the duration of the differentiation period. As such, in
addition to the activation/recruitment of a4b1 and a6b1 in-
tegrins via the IKVAV sequence, integrins a5b1, a8b1, aVb1,

FIG. 10. Adipogenesis of hMSCs on different peptide motifs. qPCR determination of the relative expression of (A) PPARc
and LPL (B) in hMSCs differentiated for 10 days on different peptide surfaces. Data is presented as mean – SEM, n = 6.
Statistical significance was determined by one-way ANOVA; *P < 0.05. (C) Oil Red O staining of adipogenic hMSCs. Scale
bar = 100mm. Color images available online at www.liebertonline.com/scd

INTEGRIN–ECM INTERACTIONS FOR hMSC DIFFERENTIATION 2453



aIIab3, aVb3, aVb5, and aVb6 would also be bound (al-
though in a lower proportion) to the RGD sequence. Overall,
this activation of a broad range of integrins, as compared
with the activation of a restricted range on RGD alone, may
partly account for the increased differentiation of hMSCs
on IKVAV surfaces as compared with RGD surfaces. Taken
together, these results demonstrate that there are key
morphological changes required for adipogenesis and the
integrin–ECM interactions can enhance or inhibit the degree
of differentiation.

Conclusion

This study provides the first comprehensive analysis of
changes in integrin expression throughout differentiation of
hMSCs, showing that osteogenesis is characterized by a
sharp increase in integrin a5 expression at 7 days of differ-
entiation, while adipogenesis can be marked by a significant
increase in a6 expression. Alongside these changes in in-
tegrin expression, we observed increased collagen-I and
collagen-IV and decreased fibronectin production during
osteogenesis. Collagen-I and collagen-IV were also laid
down during adipogenesis but with an additional substan-
tial secretion of laminin. We used PS-PEO surfaces as a
defined substrate upon which to present short peptides of
known integrin specificity and investigate the hypothesis
that differentiation could be optimized by activating a5 or
a6 integrin for osteo- or adipogenesis, respectively. hMSCs
cultured on PS-PEO surfaces displaying these peptides
showed distinct morphologies, clearly demonstrating that
different integrins have different functions. Surprisingly,
our data showed that presenting a specific peptide to ligate
integrin a5 did not provide the best conditions for osteo-
genesis, with the greatest amount of both osteo- and adi-
pogenic induction on PS-PEO surface displaying the
laminin-derived peptide IKVAV. Overall, this demonstrates
that the lineage progression of hMSCs is influenced by the
presentation of integrin-binding motifs, further confirming
the role of integrin specificity in hMSC differentiation.
Further, the ability to display short peptide sequences al-
lows a level of specificity that has not previously been
achieved through the use of protein domains or whole ECM
molecules. This platform not only provides novel insight
into hMSC–substrate interactions, but will also provide
vital information for the future development of biomateri-
als capable of enhanced control of cell behavior for use in
tissue engineering therapies.
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