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Abstract

The roles of various soluble factors in promoting the osteogenic differentiation of adult mesenchymal stem cells (MSCs) have been
widely studied, but little is known about how the extracellular matrix (ECM) instructs the phenotypic transition between growth and
differentiation. To investigate this question, we cultured MSCs on purified vitronectin or type-I collagen, motivated by our earlier tissue
engineering work demonstrating that MSC adhesion to polymer scaffolds is primarily mediated by the passive adsorption of these two
ECM ligands from serum. Using alkaline phosphatase activity and matrix mineralization as indicators of the early and late stages of
osteogenesis, respectively, we report here that both substrates supported differentiation, but the mechanism was substrate dependent.
Specifically, osteogenesis on vitronectin correlated with enhanced focal adhesion formation, the activation of focal adhesion kinase
(FAK) and paxillin, and the diminished activation of extracellular signal-regulated kinase (ERK) and phosphatidylinositol-3 kinase
(PI3K) pathways. By contrast, MSCs on type-I collagen exhibited reduced focal adhesion formation, reduced activation of FAK and
paxillin, and increased activation of ERK and PI3K. Inhibition of ERK and FAK blocked mineral deposition on both substrates, sug-
gesting that the observed differences in signaling pathways ultimately converge to the same cell fate. Understanding these mechanistic
differences is essential to predictably control the osteogenic differentiation of MSCs and widen their use in regenerative medicine.
� 2006 Elsevier Inc. All rights reserved.
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The use of stem cells to restore tissue function is a major
focus of regenerative medicine. Given their pluripotency,
there is a great deal of excitement associated with the use
of embryonic stem cells [1]. However, bone marrow-de-
rived mesenchymal stem cells (MSCs) remain a viable alter-
native, and are particularly attractive in the context of bone
tissue engineering and other reconstructive applications
given that autologous cells may be used for eventual ther-
apy [2]. Prior studies using MSCs have demonstrated their
capacity to differentiate into multiple lineages [3], including
bone [4,5], cartilage [6], fat [7,8], tendon [9], muscle [10,11],
and even nervous tissue [12,13]. Despite this potential, pre-
dictably controlling the differentiation of MSCs and under-
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standing the signaling pathways committing them to
different fates are critical to widen their use in clinical
applications.

The roles of various soluble factors in promoting the
osteogenic differentiation of MSCs have been extensively
studied. Dexamethasone, bone morphogenetic protein-2
(BMP-2), b-glycerophosphate, ascorbic acid, and trans-
forming growth factor-b (TGF-b) have all been identified
as key soluble factors involved in regulating osteogenesis
[3,4]. Media containing these osteoinductive supplements
induce a series of molecular events, including activation
of signal transduction pathways, that eventually lead to
the expression of osteogenic genes including type-I collagen
(Col I), osteocalcin, osteopontin, and alkaline phosphatase,
and the eventual deposition of calcium phosphate mineral
that is characteristic of bone [14]. While a number of stud-
ies have focused on the signaling pathways activated by
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these osteogenic supplements and the role of these path-
ways in MSC differentiation, comparatively little is known
about the effects of extracellular matrix (ECM) on the sig-
naling pathways governing osteogenesis.

The ECM, which surrounds most cells in the body in
three dimensions, is a highly hydrated network of proteins
and polysaccharides that provide a set of instructive molec-
ular signals to cells that are attached to it. Much of the
information content of the ECM resides in the insoluble
collagenous and noncollagenous glycoproteins (e.g., elas-
tin, laminin, vitronectin or fibronectin). Cellular interac-
tions with these proteins are primarily mediated by
integrins, a family of heterodimeric cell adhesion receptors
that provide both a biophysical bridge and a biochemical
link integrating the outside and inside of the cell [15,16].
Prior studies with committed osteoblasts show that inte-
grin-mediated adhesion and signaling regulate osteoblastic
differentiation [17–22]. However, the role of integrins and
their downstream effectors on MSC differentiation remains
unclear.

One likely molecular target of ECM-initiated signals is
the mitogen-activated protein kinase (MAPK) cascade.
Activation of the extracellular signal-regulated kinase
(ERK1/2, the most widely studied of the MAPK enzymes)
by soluble growth factors is mediated by a Ras-dependent
signal transduction pathway, and is a key event in the reg-
ulation of growth, differentiation, survival, and migration.
Cell adhesion to Col I, fibronectin, and vitronectin (VN)
has been shown to induce the activity of ERK in many cell
systems [23,24] and is also critical to sustain growth-factor-
induced ERK activation [25–27]. Furthermore, ERK sig-
naling in response to soluble agonists and ECM ligands
appears to play a critical role in the osteogenic differentia-
tion of pre-osteoblastic cells [28] by activating the Runx2/
CBFA-1 transcriptional activator [29]. However, there
are conflicting reports with respect to ERK’s role in the
osteogenic differentiation of stromal cells [30,31].

Recently, we documented that the adhesion of MSCs to
two polymer scaffolds widely used in tissue engineering
applications is primarily mediated by the passive adsorp-
tion of vitronectin (VN) and type-I collagen (Col I) [32].
(Some fibronectin and laminin were also deposited, but
the MSCs adhered to the polymers primarily via VN and
Col I.) We hypothesized that this differential adhesion
mechanism controls the osteogenic differentiation of MSCs
seeded on these polymers. Accordingly, here we have
explored the influence of integrin expression and down-
stream signaling on the osteogenic differentiation of MSCs
on substrates coated with purified VN or Col I. Our results
show that MSCs differentially initiate integrin-mediated
signaling events depending on whether they are cultured
on VN- or Col I-coated substrates. While our results con-
firm previous reports that ERK is critical for osteogenesis,
we show here for the first time that focal adhesion kinase
(FAK) is required too, regardless of which adhesion ligand
is used by the cells. Finally, our data also reveal that ECM
identity influences the kinetics of integrin-mediated signal-
ing, which appears critical to control the switch between
mitogenesis and osteogenesis in MSCs.
Materials and methods

Materials. Purified type-I collagen and human vitronectin were pur-
chased from Cohesion (Palo Alto, CA) and Chemicon International
(Temecula, CA), respectively. Phospho-p44/42 MAPK antibody (anti-
phospho-ERK1/2, monoclonal) was purchased from Cell Signaling
Technology, Inc. (Beverly, MA). Antibodies to ERK1, paxillin, and
p-FAK (Y397) were purchased from BD Transduction Laboratories
(Lexington, KY). Anti-pser473-Akt (rabbit polyclonal) and anti-pY31-
paxillin (rabbit polyclonal) antibodies were from Biosource International,
Inc. (Camarillo, CA) and Upstate Biotechnology (Lake Placid, NY),
respectively. Mouse monoclonal anti-a2b1, anti-a5b1, and anti-avb3 inte-
grin antibodies were from Chemicon. Horseradish peroxidase-conjugated
secondary anti-mouse and anti-rabbit antibodies were all purchased from
Jackson Immunoresearch Laboratories, Inc. (Baltimore, PA). Monoclonal
anti-human vinculin and monoclonal anti-FAK antibodies were obtained
from Sigma (St. Louis, MO). MEK-1 inhibitor PD98059 was purchased
from Cell Signaling Technology, Inc. (Beverly, MA). Kaleidoscope pre-
stained standards and pre-stained SDS–PAGE standards (low range) were
obtained from Bio-Rad Laboratories, Inc. (Hercules, CA). FAK siRNA,
control siRNA, and siRNA transfection reagents were all purchased from
Santa Cruz Biotechnology (Santa Cruz, CA). All other routine tissue
culture supplies and reagents were purchased from either Fisher Scientific
or Invitrogen (Carlsbad, CA).

Routine cell culture. Cryopreserved human bone marrow-derived
mesenchymal stem cells (MSCs) were purchased from Cambrex-Bio-
whittaker (Walkersville, MD) at passage 2. According to the manu-
facturer, these cells are tested for purity by flow cytometry and for their
ability to differentiate into osteogenic, chondrogenic, and adipogenic
lineages. Cells are positive for the cell surface markers CD105, CD166,
CD29 (integrin b1), and CD44, and negative for CD14, CD34, and
CD45. In our hands, the MSCs were routinely cultured and expanded
in a non-differentiating growth medium consisting of Dulbecco’s mod-
ified Eagle’s medium (DMEM) supplemented with 10% fetal bovine
serum (FBS), 4 mM L-glutamine, 100 U/ml penicillin, and 0.1 mg/ml
streptomycin. Cells were grown in a 5% CO2-atmosphere at 37 �C and
the medium was renewed every two to three days. Upon nearing con-
fluence, cells were detached using trypsin–EDTA (Invitrogen) and
passaged 1:3 into fresh culture flasks. All experiments were conducted
using cells below passage 8.

Preparation of Col I- and VN-coated dishes. Substrates were coated
with VN and Col I according to the manufacturers’ recommendations
that accompanied each product. In the case of Col I, a 100 lg/ml
solution was prepared in acidic H2O (pH 3.0), while a 2 lg/ml VN
solution was prepared in phosphate-buffered saline (PBS) lacking Ca2+

and Mg2+ supplements (denoted as PBS(�)). (Although these solutions
were of different concentrations, we chose to use these recommended
concentrations since both exceed the theoretical 1 lg/cm2 saturation
density of ECM ligands on 1 cm2 24-well dishes [33].) Tissue culture
dishes were then incubated with one of these solutions overnight at
4 �C. The plates were washed 2· with PBS(�) and then blocked with
PBS(�) containing 1% bovine serum albumin (BSA) for 30 min at
37 �C. After washing with PBS(�) again, plates were ready for cell
seeding.

Flow cytometric analysis of integrin expression. The cell surface
expression of a2b1, a5b1, and avb3 integrins was quantified using quanti-
tative flow cytometry. Briefly, MSCs were harvested from their culture
environment via routine techniques, counted, and resuspended in
PBS + 0.l% BSA to yield 5 · 105 cells/ml. Suspensions were incubated with
anti-a2b1, anti-a5b1 or anti-avb3 antibodies (diluted 1:200) and rotated at
4 �C for 45 min. Cells were collected via centrifugation and then washed
3–4· with PBS. Bound primary antibodies were then detected by incu-
bating cells with a FITC-conjugated anti-mouse secondary antibody
(diluted 1:100) and rotated at 4 �C for another 45 min. Following
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additional centrifugation and washing steps to remove unbound antibod-
ies, MSCs were fixed in PBS + 1% paraformaldehyde and washed 1–2 more
times. Non-specific background staining was determined by staining cells
with secondary antibody only in parallel (negative control). Stained cells
were then analyzed using a BD FACSCalibur instrument (Becton–
Dickinson, San Jose, CA) equipped with CellQuest Pro software. A
minimum of 10,000 cells were counted in each sample. All experimental
data were analyzed offline using FlowJo software (Tree Star, Inc., Ashland,
OR), and the mean fluorescent intensity for each sample was used to
determine the relative expression of each of the three integrin heterodimers.

Immunofluorescence staining experiments. MSCs were plated on Lab-
Tek Chamber Slides (Nalge Nunc International, Naperville, IL) in
osteoinductive media and incubated at 37 �C for 7 days. The media were
replenished every two days. To examine the localization of vinculin, the
chamber slides were washed twice with PBS(�), and the cells subsequently
fixed with PBS + 4% formaldehyde for 15 min. MSCs were permeabilized
with 0.1% Triton X-100 in PBS (PBS-T) for 5 min and then incubated with
anti-vinculin antibody (diluted 1:400 in PBS-T) for 2 h. Subsequently, cells
were washed 3· with PBS(�). Slides were then incubated in the presence of
a TRITC-conjugated secondary antibody for another hour. F-actin was
visualized by staining the cells with Alexa Fluor 488-conjugated phalloidin
for 40 min. Nuclei were also stained with DAPI (1 lg/ml) to triple-label
the cells. Stained cells were visualized on a Nikon E800 microscope
equipped for epifluorescence with a charge-coupled device (CCD) camera
(Optronics, Goleta, California). Images were compiled and merged with
PictureFrame software (Optronics).

Proliferation assays. MSCs were seeded at a density of 2.5 · 104 cells/
cm2 on Col I- or VN-coated 24-well plates in osteoinductive media
[DMEM + 10% FBS and osteoinductive supplements (0.1 lm dexameth-
asone, 10 mM b-glycerophosphate, and 50 lg/ml ascorbic acid)]. In
experiments involving the MEK inhibitor, cells were initially seeded in the
absence of drug. After 24 h, fresh media containing PD98059 at a final
concentration of 50 lM were added. Drug-free controls were exposed to
media containing equal volumes of DMSO (vehicle control), the solvent
used to solubilize PD98059. Fresh inhibitor was added with each media
change. At each time point (day 3 and 7) cells were harvested from trip-
licate wells by incubating with trypsin–EDTA at 37 �C for prolonged
periods of time to ensure all cells detached. After neutralizing trypsin–
EDTA with an equal volume of serum-containing medium, cell suspen-
sions were diluted in isotonic buffer and subsequently counted using a
Coulter counter Model ZM (Beckman-Coulter, Fullerton, CA).

Adhesion blocking studies. Standard adhesion blocking studies were
performed to determine which integrins MSCs use to adhere to VN and
Col I. Cell suspensions in osteoinductive media were pre-incubated with or
without anti-a2b1, anti-a5b1, and/or anti-avb3 integrin antibodies for
25 min at 37 �C prior to seeding onto 24-well tissue culture dishes pre-
coated with Col I or VN. Suspensions contained a defined concentration
of cells (2.5 · 104 cells/ml) that would yield a theoretical seeding density of
1.25 · 104 cells/cm2 (0.5 ml/well) in the absence of antibody. (Note this cell
seeding density was 50% of that used for the proliferation and differenti-
ation assays in order to minimize any undesired effects of cell–cell inter-
actions on cell–ECM adhesion.) After a 40 min incubation at 37 �C, non-
adherent cells were removed by gently rinsing with PBS(�) several times.
Adherent cells from triplicate wells were then removed by trypsin–EDTA,
neutralized, and counted in a Coulter counter.

Electrophoresis and Western blot analyses. Detection of activated or
total levels of ERK, Akt/PKB, paxillin, and FAK in MSCs was per-
formed by electrophoresis and Western blot analyses. Briefly, MSCs
were seeded on Col I- or VN-coated plates at the same density as for
the proliferation assays in either DMEM only, DMEM + 10% FBS
(DM + FBS), or osteoinductive media [Ost(+FBS)]. At two different
time points post-seeding (4 h and 7 days), cells were lysed in modified
RIPA lysis buffer [150 mM NaCl, 0.5% sodium deoxycholate, 0.1%
SDS, 50 mM Tris–HCl, pH 7.5, 1% Nonidet P-40 including 1 lg/ml
aprotinin, 1 lg/ml leupeptin, 10 lg/ml phenylmethylsulfonyl fluoride
(PMSF) plus 10 lM sodium orthovanadate]. In one set of parallel
control experiments, harvested MSCs were suspended in the same three
respective media for 15 min and then lysed (to generate the t = 0 data
characterized by the absence of cell adhesion). In all cases, lysates were
then cleared by centrifugation at 13,000 rpm for 10 min at 4 �C. The
total protein concentration of the resulting supernatant was determined
using a BCA protein assay kit (Pierce Biotechnology, Inc., Rockford,
IL). Equal protein amounts were then separated by gel electrophoresis
using pre-cast 10% Tris–glycine gels (Invitrogen) under reducing con-
ditions. The separated proteins were then electrophoretically transferred
to a PVDF membrane by applying 125 mA current for 3 h. The
resulting PVDF membrane was then washed 2· with PBS(�) containing
0.1% Tween 20 (PBS-T) and subsequently blocked overnight with PBS-
T containing 2% BSA. Membranes were then incubated for 2 h at room
temperature with one of the following primary antibodies at the indi-
cated dilutions: anti-pY397-FAK (1:1000), anti-p-paxillin (1:2500), anti-
p-ERK1/2 (1:2000), and anti-p-Akt (1:1000). Blots were then washed
3–4· with PBS-T and incubated with the appropriate HRP-
conjugated secondary antibody for >1 h. After the incubation period,
the membranes were washed 3–4· with PBS-T, incubated with an
enhanced chemiluminescent substrate, and then exposed to autoradio-
graphy film (X-Omat LS, Kodak; Rochester, NY). After the detection
of the phosphorylated forms of these proteins, membranes were strip-
ped and probed again for the total levels of these proteins to confirm
equal expression and loading.

Osteogenic differentiation assays. The early and late stages of oste-
ogenic differentiation were monitored using standard alkaline phos-
phatase (ALP) and matrix mineralization assays, respectively. For both
assays, MSCs were initially seeded at a density of 2.5 · 104 cells/cm2 on
Col I- or VN-coated 24-well culture plates in osteoinductive media and
then cultured for up to 7 days. In those studies utilizing the MEK
inhibitor, MSCs were incubated in the presence of PD98059 (50 lM)
over the 7-day time course. Fresh inhibitor was added each time the
media were changed (every other day). For ALP assays, cell lysates
were generated at day 3 and day 7 as previously described [34]. Briefly,
MSCs were lysed in passive lysis buffer (Promega, Madison, WI) for
15 min at room temperature. Lysates were scraped and collected from
the wells and then incubated with 50 mM p-nitrophenylphosphate
(PNPP) in assay buffer (containing 100 mM glycine, 1 mM MgCl2, pH
10.5) at 37 �C for 25 min. The reaction was stopped with 500 ll of
0.1 N NaOH and the absorbance read at 405 nm. Specific ALP
activity was determined using PNPP’s extinction coefficient
(1.85 · 104 M�1 cm�1) and was then expressed in units of ALP activity
per milligram of protein.

For mineralization assays, calcium phosphate hydroxyapatite was
detected using a commercial von Kossa staining kit (American Master-
Tech Scientific Inc., Lodi, CA) according to the manufacturer’s instruc-
tions. Briefly, MSCs were cultured on VN- or Col I-coated substrates in
growth medium containing osteoinductive supplements. After 7 days, cells
were washed 3· with PBS and fixed in 4% paraformaldehyde solution for
40 min. After extensive washing in water, the fixed cells were incubated
with 5% silver nitrate solution and exposed to UV light at 365 nm for
40 min. Again after washing 5· with water, cells were placed in 5% sodium
thiosulfate solution for 2–3 min. The cells were again washed with water
and placed in Nuclear Fast Red for 5 min to stain the nucleus. Finally,
after additional extensive washing, the stained samples were visualized on
a Nikon E800 microscope using a 4· objective, and the images compiled
with Picture Frame software.

FAK silencing via RNA interference. The influence of focal adhesion
kinase (FAK) on the osteogenic differentiation of MSCs was determined
by silencing FAK using commercially available small-interfering RNA
reagents (Santa Cruz Biotech) according to the manufacturer’s instruc-
tions. MSCs were initially seeded on VN- or Col I-coated substrates in
serum-containing medium. Four hours after seeding, cells were transfected
either with a siRNA oligonucleotide sequence targeting FAK or a non-
targeted siRNA sequence (negative control) and incubated for 12 h. After
that time period, medium containing 20% FBS was added and the cultures
were incubated for an additional 6 h. Finally, these media were changed to
osteoinductive media and subsequently cultured with two additional
media changes throughout the remaining duration of the experiments (up
to 7 days).
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Results

Integrin expression and utilization in MSCs

Based in part on our recent report that MSCs undergo
osteogenesis to differing degrees when cultured on thin
polymer films due to the differential deposition of serum-
derived ECM proteins [32], we hypothesized that MSC dif-
ferentiation must be influenced by integrins. Our first goal
in testing this hypothesis was to use flow cytometry to
quantify the integrin expression repertoire and adhesion
blocking to determine which integrins are actually used
A

Fig. 1. Integrin expression and their utilization in MSC adhesion to VN an
expression of the a2b1, a5b1, and avb3 integrins in MSCs. Histograms presentin
with the expression of a2b1 (second histogram), a5b1 (third histogram) and a
antibody only (top histogram, gray trace in each additional graph). Mean fluo
relative expression of each integrin. (B) Adhesion blocking studies were perform
adhere to VN and Col I. Cells were harvested from culture flasks and incubate
(or the indicated combinations) for 25 min at 37 �C. Suspension was then seed
37 �C for another 40 min. Adherent cells were trypsinized and counted, and the
surface. Black bars denote Col I-coated surfaces, while the white bars refer
**p < 0.01 with respect to unblocked Col I; ###p < 0.001 with respect to unbl
to adhere to Col I and VN. Flow cytometric analysis
revealed that the a2b1 and a5b1 are expressed at consider-
ably higher levels than the avb3 integrin (Fig. 1A). Never-
theless, adhesion-blocking studies revealed that avb3

integrin plays a prominent role in MSC adhesion to both
VN and Col I (Fig. 1B). On Col I, blocking avb3 integrins
reduced adhesion by nearly 85%, while blocking a2b1 inte-
grin prevented nearly 65% of cell binding. By contrast, on
VN, blocking either the avb3 or the a2b1 integrins inhibited
more than 80% of MSC adhesion. On either matrix, block-
ing a5b1 inhibition did not significantly affect the binding of
MSCs (Fig. 1B).
B

d Col I. (A) Quantitative flow cytometry was used to assess the relative
g the number of cells as a function of fluorescent intensity are shown (left)

vb3 (fourth histogram) displayed relative to control cells labeled with 2�
rescent intensities noted on each histogram are graphed (right) to yield the

ed to determine which of these integrins are actually used by the MSCs to
d in suspension in the presence of antibodies to a2b1, a5b1, or avb3 integrin
ed onto either Col I- or VN-coated substrates and allowed to incubate at
percentage of cell adhesion was compared to unblocked controls for each

to VN. Values represent mean adhesion ± SD (n = 3). (***p < 0.001 and
ocked VN.)



A.K. Kundu, A.J. Putnam / Biochemical and Biophysical Research Communications 347 (2006) 347–357 351
Adhesion to VN and Col I differentially regulates

cytoskeletal assembly and signaling in MSCs

Our second goal was to assess the downstream conse-
quences of the observed differences in integrin-mediated
adhesion of MSCs to Col I and VN. As part of this effort,
MSCs were cultured for 7 days on polystyrene dishes coat-
ed with either Col I or VN in osteoinductive media and
stained to visualize their focal adhesions and actin stress
fibers. We consistently observed an increase in the number
of focal adhesions in MSCs cultured on VN versus Col I, as
shown by the punctate localization of vinculin at the ends
of actin stress fibers (Fig. 2). We also compared the signal
transduction profiles of MSCs cultured on VN and Col I
by focusing on several signals known to be regulated by
adhesion (Fig. 3). As shown in Fig. 3A, MAPK was acti-
vated in MSCs suspended for 15 min in DMEM only,
but not Akt, FAK or paxillin. The presence of serum and
osteoinductive supplements induced significant activation
of Akt in suspended cells, but only very minor activation
of paxillin and no activation of FAK. On the other hand,
when cells were cultured on VN for two different time
points, it was observed that both FAK and ERK were acti-
vated 4 h after adhesion to VN. FAK remained active after
7 days in culture, paralleled by an increase in paxillin phos-
phorylation (Fig. 3B). However, the levels of ERK activity
were dramatically reduced by 7 days in MSCs cultured on
VN. By contrast, on Col I-coated substrates, neither FAK
nor ERK was significantly activated after 4 h (Fig. 3C).
However, by 7 days, ERK activity was notably increased
while FAK activity remained suppressed. Paxillin phos-
phorylation again paralleled the FAK profile for cells on
Fig. 2. MSCs cultured on VN display increased levels of focal adhesion-associa
for 7 days were fixed and stained for vinculin (red), F-actin (green), and nuc
presence of punctate focal adhesions in cells cultured on VN compared to Col I
(For interpretation of color mentioned in this figure the reader is referred to t
Col I. Distinct differences in Akt regulation were also
observed between MSCs grown on VN versus Col I, with
little or no evidence for phospho-Akt in MSCs grown on
VN and elevated levels observed in MSCs cultured in
osteoinductive media on Col I. In all cases, the presence
or absence of soluble osteogenic supplements had no addi-
tional effects on the activities of these proteins beyond
those induced by serum.

ERK plays a critical role in both mitogenesis and

osteogenesis of MSCs on both VN and Col I

Given these observed differences in signaling, next we
focused on the role of ERK. There are contradictory
reports regarding ERK’s role in osteogenic differentiation
[30,31,35,36], and we hypothesized that its differential reg-
ulation in MSCs cultured on Col I versus VN may play a
critical role in directing their phenotype. This possibility
was addressed by monitoring both cell proliferation and
osteogenic differentiation. With regard to proliferation,
MSCs cultured in osteoinductive media proliferated to a
significantly greater extent (p < 0.01) on Col I than on
VN after 3 days in culture. However, the effects of substrate
identity were eliminated by day 7 (Fig. 4). Inhibition of
ERK signaling via PD98059 retarded MSC proliferation
on both substrates, with a reduction of �70% on Col I at
day 3 and of �60% at day 7, and a reduction of �20%
on VN at day 3 and of �50% at day 7.

Next, alkaline phosphatase activity and mineral deposi-
tion assays were used as metrics of early and late stage
osteogenesis, respectively, to test the impact of substrate
identity and ERK signaling on osteogenesis. Western
ted vinculin. MSCs cultured in osteoinductive media on either Col I or VN
lei (blue), and visualized via fluorescent microscopy. Note the increased
(middle panel) in these representative images. Scale bar represents 50 lm.

he web version of the article.)



Fig. 3. MSC adhesion to Col I and VN differentially regulates signaling pathways. (A) MSCs were held in suspension in either basal media (DMEM),
serum-containing media (DMEM + FBS), or osteoinductive media [Ost(+FBS)] and lysed after 15 min. MSCs cultured on substrates coated with either
VN (B) or Col I (C) were lysed after both 4 h and 7 days. Equal protein amounts were then subjected to electrophoresis and Western blots were probed for
the indicated proteins using phospho-specific antibodies. Blots representative of multiple repeated experiments show that the activation patterns of FAK,
paxillin, Akt, and ERK (MAPK) are differentially regulated by adhesion to VN and Col I. Blots reprobed for the total levels of these proteins confirm
equal protein loading (not shown).
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blotting confirmed that 50 lM PD98059 effectively inhibit-
ed ERK activity in media containing osteogenic supple-
ments at both early (t 6 3 days) and later (t = 7 days)
time points on both VN and Col I substrates (Fig. 5A).
The levels of ALP activity were slightly (but insignificantly)
higher in MSCs cultured on VN versus Col I after 3 days
(Fig. 5B). The trend was reversed by day 7 as significantly
higher levels were observed in MSCs cultured on Col I ver-
sus VN. Inhibition of ERK signaling via PD98059 reduced
the levels of ALP activity at day 7 by 75% and 50% on Col
I and VN, respectively, indicating the dependence of the
MAPK pathway for osteogenesis on both substrates. Von
Kossa staining of deposited mineral confirmed this conclu-
sion, with the high levels of mineral deposition observed on
both substrates after 7 days in osteoinductive media quali-
tatively reduced by treatment with PD98059 (Fig. 5C).
FAK is also essential for the osteogenic differentiation of

MSCs on both VN and Col I

Finally, our observations with regard to adhesion-med-
iated signaling (Fig. 3) led us to test the hypothesis that
FAK plays a role in differentiating the osteogenic response
of MSCs cultured on Col I versus VN. Here we utilized a
small interfering RNA (siRNA) approach to knock down
FAK expression (and thereby activity). Osteogenesis was
again monitored using ALP and mineral deposition. Ini-
tially we confirmed that MSCs were receptive to siRNA
approaches by transfecting a fluorescein-conjugated con-
trol siRNA and visualizing via fluorescence microscopy
(not shown). Then, we assessed the effectiveness of FAK
silencing via Western blotting and revealed that silencing
was both substrate- and time-dependent (Fig. 6A). FAK



Fig. 4. MSC proliferation is ERK-dependent on both VN and Col I, but
is enhanced on Col I at earlier time points. MSCs were cultured on either
Col I or VN in osteoinductive media ± PD98059 (50 lM) for up to 7 days.
Media containing fresh inhibitors were replenished every other day. At the
indicated time points, cells were trypsinized and counted via a Coulter
counter. Data shown are normalized to the uninhibited cell numbers on
Col I-coated substrates at the day 3 time point (arbitrarily assigned a value
of 1) and represent means ± SD (n = 4). (***p < 0.001 with respect to
uninhibited cells at the same time point and on the same coating;
##p < 0.01 between cell numbers on Col I versus VN at t = 3 days.)
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downregulation was highly effective in MSCs cultured on
Col I at 12 h after transfection (Fig. 6A, top panel). The
silencing remained effective throughout the 7-day duration
of the experiments on Col I (Fig. 6A, bottom panel). By
contrast, on VN-coated surfaces, FAK silencing was less
effective after 12 h (Fig. 6A, top panel), but was significant-
ly more effective by day 7 (Fig. 6A, bottom panel). Func-
tionally, FAK silencing significantly reduced ALP
activities by 40% (Fig. 6B) in MSCs on VN at day 3, but
only by 10% in MSCs cultured on Col I at the same time
point. Nevertheless, despite this more substantial impact
on the early stages of osteogenesis on VN-coated surfaces
versus Col I, FAK silencing qualitatively reduced mineral-
ization on both substrates after 7 days (Fig. 6C).

Discussion

It is widely recognized that cell–ECM interactions play
an important role in tissue development [37,38], and that
signaling pathways initiated by integrin binding are
involved in regulating nearly every aspect of cell function,
including cell cycle progression, migration, apoptosis, and
differentiation [16,39,40]. In this study, we investigated
the impact of integrin-mediated adhesion to vitronectin
and type-I collagen on the osteogenic differentiation of
MSCs. Our exclusive focus on these two ECM ligands
was motivated in part by our recent study in which we
monitored the osteogenic differentiation of MSCs attached
to thin films of PCL and PLGA, two biodegradable poly-
mers widely used in the tissue engineering literature [32].
In that study, we found that the extent of osteogenesis
depended on the polymer identity. Because cell attachment
to these and other polymers is widely believed to occur via
indirect means (i.e., via serum-derived ECM proteins), we
demonstrated that inhibiting the adsorption of Col I,
VN, fibronectin, and laminin via antibodies reduced
MSC adhesion to thin PCL films by 5%, 47%, 20%, and
13%, respectively. Similar antibody-blocking studies on
thin PLGA films reduced MSC attachment by 40%, 5%,
25%, and 14%, respectively. Because these data suggested
that MSCs adhere to PCL primarily via VN and to PLGA
via Col I, we hypothesized that the differential adsorption
of these two proteins governs the osteogenic differentiation
of MSCs on these polymers. By restricting our focus to Col
I and VN here, we have attempted to address the mechanis-
tic underpinnings behind this hypothesis.

Using quantitative flow cytometry, first we determined
that MSCs express the a2b1, a5b1, and avb3 integrin hetero-
dimers, the predominant pairs responsible for cell adhesion
to Col I, fibronectin, and VN, respectively. The expression
levels of a2b1 and a5b1 were significantly higher than that
of avb3, although adhesion blocking studies revealed that
avb3 is involved in MSC adhesion to both VN and Col I.
Prior studies with committed osteoblasts have shown that
inhibition of a5 or b1 integrin subunits using isotype-specif-
ic antibodies reduces mineralization by approximately 20%
and 45%, respectively, while antibodies to avb3 and a2b1

reduced mineralization by 65% and 95%, respectively
[17]. These results suggest that preferential adhesion and
signaling via avb3 and a2b1, which are primarily responsible
for adhesion to VN and Col I, may be required for osteo-
genesis. In our examination of the consequences of MSC
adhesion to VN and Col I, we found that both substrates
supported the osteogenic differentiation of MSCs, in agree-
ment with another recent report [41]. However, important-
ly, our data also show that ECM identity influences the
switch between growth and differentiation in bone mar-
row-derived MSCs via distinct mechanisms. These findings
are particularly striking given the expectation that the com-
position and spatial orientation of the adhesion substrate
likely change significantly with time due to additional
serum-derived ECM proteins and cell-mediated remodel-
ing. Our results illustrate that the identity of the initial
cell–ECM interaction is an important regulator of MSC
fate.

Recent studies from Plopper and colleagues showed that
VN, Col I, and laminin-5 all permit osteogenesis in MSCs,
and may even be capable of inducing differentiation in the
absence of soluble osteoinductive factors [35,41]. Our phar-
macologic inhibition studies support their finding that
ERK is required for osteogenesis, likely by activating the
osteogenic transcription factor Runx2/CBFA-1 [35,36].
However, our results provide some new mechanistic
insights as well. First, we found that the kinetics of osteo-
genic differentiation depend on ECM identity. The fact that
MSCs cultured on Col I-coated substrates proliferated to a
significantly greater extent after 3 days in culture than did
those cells grown on VN, even in the presence of soluble



Fig. 5. Blocking ERK signaling inhibits the osteogenic differentiation of MSCs on both Col I and VN. (A) MSCs were cultured on Col I or VN in
osteoinductive media (OS media) ± 50 lM PD98059 with fresh inhibitor added with every media change. Cell lysates were generated after 12 h, 3 days,
and 7 days. Total protein levels were determined by BCA assay, and the levels of phosphorylated ERK (phospho-p44/42 MAPK) and total ERK1 were
then assayed by Western blotting to confirm the efficacy of PD98059 inhibition. (B) The levels of ALP activity were significantly reduced (***p < 0.001,
n = 3) by ERK inhibition via PD98059 in MSCs cultured on both Col I and VN. In addition, the levels of ALP activity were insignificantly higher on VN
versus Col I after 3 days, but significantly higher on Col I versus VN after 7 days (###p < 0.001, n = 3). (C) von Kossa staining of MSC cultures grown on
VN or Col I ± PD98059 after 7 days revealed that mineralized matrix deposition (denoted by the black focal deposits) was ERK-dependent on both
substrates. However, MAPK inhibition failed to completely inhibit mineral deposition on both matrices. Scale bar represents 50 lm.
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Fig. 6. Inhibition of FAK expression in MSCs via siRNA reduces osteogenesis on both VN and Col I. (A) MSCs cultured on Col I- or VN-coated
substrates in growth media were transfected with FAK siRNA or a control siRNA according to the manufacturer’s instructions. Cell lysates were prepared
12 h and 7 days after transfection, and equal amounts of proteins were subjected to SDS–PAGE and Western blotting. Evidence for reduced FAK levels
was observed at both time points, indicating the silencing was sustained for up to a week. Similar results were obtained from multiple experiments. (B)
After 3 days of culture, FAK silencing significantly inhibited ALP activity relative to unsilenced controls in MSCs seeded on VN (*p < 0.05, n = 3). The
trend was similar but not significant in MSCs cultured on Col I. (C) FAK silencing also inhibited mineral deposition on both Col I and VN, as revealed in
these representative 10· images of von Kossa stained cultures. Scale bar represents 50lm.
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osteoinductive supplements, suggests that Col I favors
mitogenesis at earlier time points. Second, MSC adhesion
to VN for 4 h stimulated the activation of FAK and
ERK, neither of which was activated at the same time point
following adhesion to Col I. However, after 7 days, ERK
activity was reduced in MSCs cultured on VN and
enhanced in MSCs cultured on Col I.

The differential kinetics of ERK activation could per-
haps explain the discrepancy in the literature for a role
for MAPK signaling in osteogenesis. Higuchi, et al. sug-
gested that continuous inhibition of MAPK signaling actu-
ally favors early osteogenic differentiation [31], albeit in
different cell types than those studied here. Our results
imply that it is not a simple matter of turning ERK on
or off that regulates osteogenesis, but rather the mechanism
by which it is activated, the level to which it is activated, or
perhaps the kinetics of its activation. There is clear prece-
dence for this idea in other cell types [42]. In our system,
ERK activity was initially low in MSCs cultured on Col I
and then ramped up coincident with mitogenesis. Inhibit-
ing ERK in this phase of the cell cycle likely favors differ-
entiation by turning down proliferation, consistent with the
results of Higuchi et al. [31]. However, once confluence has
been achieved, ERK shifts its focus towards differentiation,
and becomes required for both ALP activity and mineral
deposition. The fact that ALP levels are more sensitive to
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PD98059 at day 7 versus day 3 supports this idea. By con-
trast, ERK activity is initially high in MSCs cultured on
VN, even at subconfluency, but this does not translate into
increased proliferation. Future studies will focus on
addressing these kinetic differences in greater detail, and
deciphering cross-talk mechanisms between integrin-medi-
ated signaling and signaling induced by soluble osteoinduc-
tive factors.

Besides differentially activating ERK, MSCs cultured on
VN-coated substrates exhibited an increased assembly of
focal adhesions and stress fibers relative to Col I-coated
substrates after 7 days in culture. This correlated with
increased phosphorylation of FAK (Y397) and paxillin in
MSCs grown on VN. Silencing FAK via a small interfering
RNA approach had a more significant effect on ALP activ-
ity in MSCs cultured on VN, which supported higher levels
of FAK activity and focal adhesion assembly in the first
place. Nevertheless, an essential role for FAK in osteogen-
esis was found on both substrates, a finding previously
unknown in the context of MSC differentiation. Combin-
ing these results with the fact that increased stress fibers
and focal adhesions are hallmarks of increased RhoA
activity, it is tempting to infer that VN-stimulated FAK
activation may influence the activity of RhoA in MSCs
as it does in other cell types [43]. This is particularly rele-
vant given RhoA’s known capacity to induce the osteogen-
ic phenotype of MSCs [7]. Furthermore, previous reports
suggest that b1 and b3 integrins differentially regulate
RhoA [44,45], raising the possibility that restricting MSC
adhesion to Col I and VN via b3 integrins may stimulate
osteogenesis. However, because we have not investigated
RhoA activity in these studies, the question of whether or
not adhesion to VN or Col I differentially signals through
the FAK-RhoA axis to ERK to ultimately drive osteogen-
esis remains to be answered. Further clouding the picture is
the fact that fibronectin is amongst the strongest stimula-
tors of RhoA activity in other cell types [46], but there is
at least one report suggesting that fibronectin does not sup-
port the osteogenic differentiation of MSCs to the same
degree as do VN and Col I [41]. Future work to explicitly
test RhoA’s role in osteogenesis will require a broader set
of ECM ligands. Regardless, the observed differences in
cytoskeletal architecture and signaling in MSCs cultured
on VN versus Col I suggest that distinct upstream events
induced by differential integrin binding eventually converge
on one or more common downstream mediators to ulti-
mately govern cell fate.

In summary, the results presented here show that both
VN and Col I permit the osteogenic differentiation of
MSCs, but do so via unique integrin-mediated signaling
mechanisms. Osteogenesis on VN substrates correlated
with enhanced focal adhesion formation, the activation
of FAK and paxillin, and the diminished activation of
MAPK and PI3K pathways. By contrast, MSCs cultured
on Col I exhibited reduced focal adhesion formation,
reduced activation of FAK and paxillin, and the increased
activation of MAPK and PI3K signaling pathways.
Despite these differential signaling cascades, our data clear-
ly show that FAK and ERK are both involved in osteogen-
esis on these two substrates. Collectively, these results
strengthen the need for an improved understanding of
the ECM’s role on the differentiation of osteoprogenitor
cells. Such an improved understanding is essential to foster
the development of novel biomimetic materials, particular-
ly those that preferentially engage specific integrins [47], in
order to reproducibly instruct the transition from mitogen-
esis to osteogenesis both in vitro and in vivo.
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