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a b s t r a c t

Cells sense and transduce the chemical and mechanical properties of their microenvironment through
cell surface integrin receptors. Traction stress exerted by cells on the extracellular matrix mediates focal
adhesion stabilization and regulation of the cytoskeleton for directing biological activity. Understanding
how stem cells integrate biomaterials properties through focal adhesions during differentiation is
important for the design of soft materials for regenerative medicine. In this paper we use micropatterned
hydrogels containing fluorescent beads to explore force transmission through integrins from single
mesenchymal stem cells (MSCs) during differentiation. When cultured on polyacrylamide gels, MSCs will
express markers associated with osteogenesis and myogenesis in a stiffness dependent manner. The
shape of single cells and the composition of tethered matrix protein both influence the magnitude of
traction stress applied and the resultant differentiation outcome. We show how geometry guides the
spatial positioning of focal adhesions to maximize interaction with the matrix, and uncover a relation-
ship between avb3, a5b1 and mechanochemical regulation of osteogenesis.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Stem cells in their niche are in contact with the extracellular
matrix (ECM) which provides multiple structural and biochemical
cues to direct their behavior [1e8]. Cells adhere to the ECM through
several different cell surface receptors including integrins which are
involved in mechanosensing and bi-directional transmission of
mechanical force [9]. This interaction allows cells to sense and
respond to their microenvironment via contractile forces and to
adaptively remodel tissueswith dynamicmechanical forces, guiding
broad aspects of their functions such as cell migration, growth, dif-
ferentiation, and survival [10e15]. For this reason, the careful design
of the cellular recognition interface on deformable biomaterials is a
critical aspect for the regulation of distinct stem cell functions.

Mesenchymal stem cells (MSCs) are multipotent cells which
have the ability to differentiate into several cell types including
chondrocytes, adipocytes, myoblasts and osteoblasts in vitro, and
this process is regulated by biophysical and biochemical dynamics
of signal-activated gene regulation [16e25]. Controlling the
cience and Engineering, Uni-
.

microenvironment properties such as matrix elasticity [17,26,27],
cell and tissue shape [19,28,29], and adhesive proteins [20,30] can
regulate lineage specification of MSCs. For example, MSC lineage
specification to neurogenesis, myogenesis, or osteogenesis out-
comes can be directed by matrix elasticity [17]. Specifically, MSCs
cultured on stiff substrates (~34 kPa), which promote cell spreading,
are guided to an osteogenesis outcome due to increased contrac-
tility of the actomyosin cytoskeleton. Cytoskeletal tension can be
modulated not only by matrix elasticity but also by cell shape. For
instance, cells cultured in shapes which promote cytoskeletal ten-
sionprefer to adopt an osteogenic fatewhile those in relaxed shapes
prefer to undergo adipogenesis [19,31]. In addition, MSC osteo-
genesis can be tuned on fibronectin coated substrates with variable
stiffness (10e40 kPa) by controlling the geometry of single micro-
patterned cells [29]. Other reports have shown that combining
different adhesion ligands (fibronectin, laminin, or collagen) with
hydrogels of variable matrix elasticity, influences MSC differentia-
tion between osteogenesis and myogenesis lineages [21].

MSCs interactwith extracellularmatrix proteins through various
integrins including a1-6, aV, a11, aX, b1-4, and b7-8 [10,13]. Com-
binations of two different chains, integrin a and b subunits, define
the surface receptors that recognize ECM proteins such as: fibro-
nectin, vitronectin, collagen, and laminin [32,33]. These integrin
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transmembrane receptors act as mechanosensors and mechano-
transducers to connect the actin cytoskeleton to the ECMand enable
dynamic interactions with the microenvironment through focal
adhesions. For example, MSCs primarily bind to fibronectin through
the common integrin heterodimers a5b1 or aVb3 [34]. A previous
report showed that a5 integrin expression in MSCs was elevated
during osteogenic differentiation while cells expressed higher level
of a6 integrin during adipogenic lineage specification at 7 days [10].
The surface geometry and local biochemical microenvironment of
biomaterials have been shown to influence focal adhesions, cyto-
skeletal tension anddifferentiation in adherentMSCs [19]. However,
the relationship between integrinmediated traction stress andMSC
differentiation has not been described.

In this paper we show how control of cell shape can be used to
study the relationship between focal adhesion, traction stress, and
the differentiation of single mesenchymal stem cells. We use
immunofluorescence staining to investigate theprotein expressionof
key markers during osteogenesis and myogenesis. Traction stress
measurements are employed to assess the force generated by MSCs
with different combinations of these cues. We show through
immunofluorescence that the expression of early and late osteogenic
markers is dependenton theengagementofa5b1andaVb3 integrins.

2. Materials and methods

2.1. Materials

All materials were purchased from Sigma unless otherwise
noted. Tissue culture plastic ware and glass coverslips (18-mm
circular) were purchased from Fisher Scientific. Cell culture media
and reagents were purchased from Gibco. Rabbit anti-Runx2
(ab23981) and anti-Osteopontin (ab8448) were purchased from
Abcam.Mouse anti-MyoD (MAB3878)Mouse anti-a5b1 (MAB1969)
and aVb3 (MAB1976Z) were purchased from Millipore. Blebbista-
tin, Y-27632, FR180204 (ERK inhibitor), SP600125 (JNK inhibitor),
and SB202190 (p38 inhibitor) were purchased from Calbiochem.
Tetramethylrhodamine-conjugated anti-rabbit IgG antibody, Alexa
Fluor 647-conjugated anti-mouse IgG antibody, Alexa Fluor 555-
conjugated anti-rabbit IgG antibody, Alexa488-phalloidin and 4,6-
diamidino-2-phenylindole (DAPI) were purchased from Invitrogen.

2.2. Surface preparation

Polyacrylamide substrates were prepared as previously described
[29]. Briefly,10e40 kPa stiffness gels weremade by usingmixtures of
acrylamide/bis-acrylamide according to the desired stiffness [35]. For
the polymerization, 0.1% ammonium persulfate (APS) and 0.1% of
tetramethylethylenediamine (TEMED) were mixed in the gel solu-
tions and 20 mL of the mixture was pipetted onto hydrophobically
treated glass slides. After polymerization, the gels on the coverslips
were detached and treated with hydrazine hydrate 55% for 2 h with
rocking [36]. 5% Glacial acetic acid for 1 h and then distilled water for
1 h were used to rinse hydrazine and glacial acetic acid, respectively.
Polydimethylsiloxane (PDMS, Polysciences, Inc.) stamps were pro-
duced by conventional polymerization methods. Sodium periodate
(~3.5mg/mL)was used to generate free aldehydes onmatrix proteins
and added to 25 mg/mL of fibronectin in PBS for at least 45 min. The
protein solution was pipetted onto patterned stamps for 30 min and
driedwith air. Free aldehydes inproteinswere chemically conjugated
with reactive hydrazide groups on the gels, resulting in transferring
the protein residue on the stamps to the gel surfaces [36].

2.3. Cell source and culture

Human MSCs were purchased from Lonza. The MSCs were
harvested and cultured from normal bone marrow. Cells were
positive for CD105, CD166, CD29, and CD44 and negative for CD14,
CD34 and CD45 by flow cytometry (http://www.lonza.com). Pur-
chased MSCs from bone marrow were cultured and then expanded
cells were frozen in cryopreservation (10% DMSO) with passage 2.
Cells were thawed and cultured in Dulbecco's Modified Eagle's
Medium (DMEM) low glucose (1 g/mL) media supplemented with
10% fetal bovine serum (MSC approved FBS; Invitrogen), and 1%
penicillin/streptomycin (p/s). Media was changed every 3 or 4 days.
Passage 4e8 MSCs were seeded on patterned surfaces at a cell
density of ~5000 cells/cm2. MSCs were cultured for 10 days before
analysis.

2.4. Immunocytochemistry and histology

Cells on surfaces were fixed with 4% paraformaldehyde (Alfa
Aesar) for 20 min. To permeabilize cells, 0.1% Triton X-100 in PBS
was employed for 30min. Cells were blockedwith 1% bovine serum
albumin (BSA) for 15 min and labeled with primary antibody in 1%
BSA in PBS for 2 h at room temperature (20 �C) with mouse anti-
MyoD, a5b1, or aVb3 and rabbit anti-Runx2 or Osteopontin (1:500
dilution). Secondary antibody labeling was performed by the same
procedure with Tetramethylrhodamine-conjugated anti-rabbit IgG
antibody, Alexa Fluor 488-phalloidin (1:200 dilution), Alexa647-
conjugated anti-mouse IgG antibody, and 4,6-diamidino-2-
phenylindole (DAPI, 1:5000 dilution) for 20 min in a humid cham-
ber (37 �C). Immunofluorescencemicroscopywas conducted using a
Zeiss Axiovert 200 M inverted research-grade microscope (Carl
Zeiss, Inc.). Immunofluorescent imageswere analyzed using ImageJ;
the fluorescence intensity of single cells (over 20 cells) for each
condition was measured to compare different levels of marker
expression. To stain for alkaline phosphatase, surfaces were rinsed
with distilled water and incubated for 30 min in BCIP/NBT solution,
rinsedwell in PBS and imaged in brightfield using aMotic trinocular
inverted microscope. All experiments were repeated at least three
times. Only single cells that were captured in patterns were used in
the analysis. The relative intensity of the fluorescence was deter-
mined by comparing each intensity value to the average intensity of
one condition. For Figs. 2, 3 and 6, average marker intensities of
circular cells in 5000 mm2 patterned stiff (10 kPa) substrates were
selected. For Fig. 5, average mRNA expressions of cells in 5000 mm2

circle patterned (10 kPa) substrates were selected. The intensity
value for single cells was obtained fromnuclei (Runx2 andMyoD) or
cytoplasmic (Osteopontin) staining intensity minus backgrounds.

2.5. Traction stress measurement

Polyacrylamide gels with desired stiffness (10 and 30 kPa) were
fabricated on a glass cover slip (18 mm) as described above [29]. To
obtain fluorescent bead-infused gels, the polyacrylamide solution
was mixed with a 1 mm-bead suspension (Invitrogen, F-8821) at
1:250 and a small amount (1~2 ml) was applied to gel solutions.
Upon the placement of the gel surface faced down, beads in a single
layer at the same focal plane were imaged using a fluorescent mi-
croscope. Matrix proteins were patterned as described above. An
Olympus IX81 fluorescent microscope and 20� objective was used
to obtain the live cell images [37]. Throughout the experiment,
temperature and carbon dioxide levels were maintained at 37 �C
and 5% respectively. Live cell images on gels embedded with fluo-
rescent beads were captured. Bright field images were firstly taken
of the cells to visualize cell shape and location, and then fluorescent
images of beads were taken. In order to assess the displacement of
beads under the null-force condition, cells were removed from the
surface using sodium dodecyl sulfate (SDS, Fisher Inc.), resulting in
the gel returning to its relaxed initial state without cells. To
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characterize the gel displacements, the images before and after cell
removal were analyzed using Matlab digital image correlation
programs published in Ref. [37] to obtain the 2D displacement field
(ux, uy). The resolution of the algorithm is 1/10 of pixel size, i.e.
~33 nm, and signal-to-noise ratio reaches 40. The detailed pro-
cedures of cell traction computation using finite element method
can be found in a previous report [37]. In brief, our computation
employed a mixed boundary condition model, by prescribing zero
traction at all nodes outside the cell (Fx ¼ Fy ¼ Fz ¼ 0) and the
obtained 2D displacement field (ux, uy) as well as Fz ¼ 0 at the
nodes within the cell boundaries. We did not measure uz during
the experiments. Our theoretical derivation suggests that for elastic
biomaterial substrates with Poisson's ratio close to 0.5, such as PA
gels, prescribing Fz ¼ 0 for all surface nodes results in an error of
less than 2% in the calculation of in-plane forces Fx and Fy [37].

2.6. RNA isolation and RT-PCR

Adherent cells were lysed directly in TRIZOL reagent (Invi-
trogen). Chloroform extraction and ethanol precipitation were
employed to isolate total RNA. Total RNA was reverse transcribed
using Superscript III® First Strand Synthesis System for RT-PCR
(Invitrogen). RT-PCR was achieved linearly by cycle number for
each primer set using SYBR® Green Real-Time PCR Master Mix
(Invitrogen) on an Eppendorf Realplex 4S Real-time PCR system.
Primer sequences were as follows: a1 CTC CTCACTGTTGTTCTACGCT
and ATCCAAACATGTCTTCCACCG, a3 CCCACCTGGTGTGACTTCTTand
TCCCTGGAGGTGGGTAGC, a5 TGCCGAGTTCACCAAGACTG and
TGCAATCTGCTCCTGAGTGG, av CATCTTAATGTTGTGCCGGATGT and
TCCTTCCACAATCCCAGGCT, a6 CAACTTGGACACTCGGGAGG and
ACGAGCAACAGCCGCTT, b1 CCGCGCGGAAAAGATGAATTT and
AGCAAACACACAGCAAACTGA, b3 TTGGAGACACGGTGAGCTTC and
GCCCACGGGCTTTATGGTAA, GAPDHTGCCTCGATGGGTGGAGT and
Fig. 1. Single cell patterning on hydrogels can be achieved by protein immobilization with
polyacrylamide hydrogels. (b) Representative immunofluorescence microscopy images and h
green). Scale bar is 40 mm. (c) MSC area on patterned protein-coated hydrogels after 10d
references to colour in this figure legend, the reader is referred to the web version of this
GCCCAATACGACCAAATCAGA. All reactions were performed linearly
by cycle number for each set of primers.

2.7. Inhibition assays

Inhibitors were added to cell culture media at the following
concentrations before and after cell seeding and with each media
change: Blebbistatin (1 mM) and Y-27632 (2 mM) (Calbiochem).
Integrin blocking antibodies (a5b1 and avb3) were added to cells in
media prior to deposition at 1 mg/mL. MAP kinase inhibition was
performed by adding supplemented media of the following mole-
cules at 6 mM after cell seeding and with each media change:
FR180204 (ERK1/2), SP600125 (JNK), and SB202190 (p38).

2.8. Statistical analysis

Error bars represent standard deviation and N value is the
number of experimental replicates. For statistical analysis one-way
ANOVA for comparing multiple groups and two-tailed p-values
from unpaired t-test for comparing two groups were employed and
values of P < 0.05 were considered statistically significant.

3. Results

3.1. Single cell patterning with adhesive proteins on polyacrylamide
hydrogels of different stiffness

We used microcontact printing of adhesive proteins (fibro-
nectin, laminin and collagen) on polyacrylamide (PAAm) hydrogels
as a flexible platform to investigate the combinatorial effects of
substrate elasticity, matrix composition and cell shape in control-
ling osteogenesis and myogenesis on protein-coated hydrogels
(Fig. 1a). Polydimethylsiloxane (PDMS) stamps were fabricated
hydrazine hydrate chemistry. (a) Schematic of the procedure for patterning cells on
eat maps of MSCs on circle and star shapes. Staining for MSC nuclei (blue), actin (cyan-
ays. (d) Relative number of cells in patterns after 10 days. (For interpretation of the
article.)



Fig. 2. Combinations of matrix stiffness and geometric features guide osteogenesis and myogenesis. Expression of osteogenic (a)e(c) and myogenic (d) markers for cells adherent to
the circle or star shape patterned fibronectin coated substrates demonstrating how combinations of matrix stiffness and geometric features influence differentiation. (e) Immu-
nofluorescence image of MSCs stained with Runx2, Osteopontin, ALP, or MyoD. Scale bar is 40 mm. Error bars are standard deviations (N ¼ 4). (*P < 0.05 and #P < 0.01, one-way
ANOVA).
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using photolithography and used to pattern adhesive islands of
proteins on the surface of chemically modified hydrogels. We
employed two different shapes of identical area for patterning the
hydrogels, one a simple circle and one approximating a star, where
the cell body is expected to span non-adhesive regions [19]. PAAm
hydrogels with a range of stiffness (10e40 kPa) were prepared as
previously reported [29]. This range of stiffness is physiologically
relevant with 10 and 30 kPa stiffness mimicking the rigidity of
muscle or pre-calcified bone tissue, respectively [17]. The surfaces
of PAAm gels were chemically modified with hydrazine hydrate
[36], which allows for covalent immobilization between the treated
gel surface and an oxidized glycoprotein solution via microcontact
printing. After seeding, the mesenchymal stem cells (MSCs)
attached and conformed to the patterned regions. To explore the
influence of cell shape on the distribution of the cytoskeleton, we
fixed and stained the patterned cultures for filamentous actin.
Fig. 1b shows actin stains and heatmaps of >30 cells per shape
which demonstrates classical cortical actin patterns for MSCs in
circles, while MSCs in a star shape show pentagonally organized
regions of actin stress fibers. Morphological analysis reveals that
the patterned cells that adhere to the printed area show a com-
parable size to the defined patterns (5000 mm2) (Fig. 1c). Patterned
cells stayed viable and maintained adhesion to the islands for 10
days in culture, but a higher number of cells on stiffer substrates
and patterns with higher actomyosin contractility escaped from
geometric confinement and proliferated (Fig. 1d).

3.2. The influence of cell shape, matrix stiffness and composition
during mesenchymal stem cell differentiation

First we investigated osteogenic and myogenic marker expres-
sions of MSCs cultured in the different shapes on fibronectin-



Fig. 3. Cell shape, matrix elasticity, and composition all influence differentiation. Quantitation of (a) Runx2 and (b) MyoD markers for patterned cells cultured on different adhesive
proteins coated substrates with tunable stiffness for 10 days. Error bars are standard deviations (N ¼ 4). (*P < 0.05 and #P < 0.01, one-way ANOVA).
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coated hydrogels of varying stiffness (~10e40 kPa). We used three
different osteogenic markers (Runx2 and ALP as early osteogenic
markers; Osteopontin as a late osteogenic marker) and a myogenic
marker (MyoD) to compare the degree of osteogenesis and myo-
genesis specification depending on matrix stiffness and cell shape
after 10 days in culture (Fig. 2). Cells cultured on substrates with
different stiffness express markers associated with osteogenesis
and myogenesis in a stiffness dependent manner with a maximum
at ~30e40 kPa. In addition, cells in star shapes showhigher levels of
osteogenic and myogenic marker expressions compared to those
cultured in circular shapes. We also explored alternative shapes
previously shown to influence actomyosin contractility: oval
shapes with different aspect ratios (1:1, 2:1, 4:1, 8:1, and 12:1,
5000 mm2) (Fig. S1). Similar to cells on circle and star shapes, those
on shapes that promote higher contractility express higher levels of
osteogenic markers. Next we patterned our two shapes using
different matrix proteins (fibronectin, laminin and collagen) across
surfaces with different stiffness to explore how these cues influence
lineage specification when presented in combination (Fig. 3). We
used representative osteogenic (Runx2) and myogenic (MyoD)
transcription factors to assess early differentiation to these line-
ages. Cells cultured on fibronectin or collagen matrices show
increased Runx2 expression as substrate stiffness is increased,
while MSCs cultured on laminin did not show a trend in differen-
tiation on account of substrate stiffness. In contrast, MSC myo-
genesis was shown to be sensitive to substrate stiffness across all
matrices. Changing the geometry of single MSCs from a circular
shape to that approximating a star led to increased expression of
Runx2 (fibronectin and collagen) andMyoD (fibronectin). However,
similar to stiffness the shape of single cells on laminin did not in-
fluence osteogenesis.

3.3. The role of biophysical and biochemical parameters in guiding
mesenchymal stem cell traction stress

Micropatterning single cells allows precise control over adhesive
structures, and we postulated that the way in which MSCs deform
their matrices would be influenced by shape, stiffness and protein
composition. First, to explore the relationship between substrate
mechanics, adhesion and differentiation, we measured the traction
stress exerted by circular and star-shapedMSCs on hydrogels of two
different stiffness (10 and 30 kPa), across three different matrix
proteins (fibronectin, laminin, and collagen) (Fig. 4). We observed
that cells on star shapes on a fibronectin matrix showed higher
traction stresses than those on laminin (2.5-fold on 10 kPa; 7.2-fold
on 30 kPa) or on collagen (4.3-fold on 10 kPa; 10.3-fold on 30 kPa).
For the same shape and adhesive proteins, matrix stiffness gave rise
to different levels of traction stresses; star shaped cells on fibro-
nectin coated 30 kPa substrates displayed 3.2-fold higher traction
stresses than those on 10 kPa gels. In addition, MSCs tended to exert
higher traction when they were cultured in star geometries on a
fibronectin matrix (6.4-fold or 7.5-fold higher than circular cells on
10 or 30 kPa, respectively). However, traction exerted by cells on
laminin substrates displayed no significant difference (within the
limitations of small sample size) even when cultured on different
stiffness or in the contractile star geometry. While stiffness influ-
enced the MSCs' ability to exert traction on collagen coated gels,
there was no discernible influence of cell shape.



Fig. 4. Traction stress exerted by MSCs is influenced by combinations of biophysical and biochemical cues. (a) Average cellular traction stress for MSCs after 1 day of culture. (b)
Representative traction map and phase-contrast image (inserted) of MSCs cultured for 1 day. The cells were cultured on combinations of matrix stiffness (10 and 30 kPa), cell shape
(circle and star), and adhesive protein (fibronectin, laminin, and collagen). Scale bar is 40 mm. Error bars are standard deviations (N ¼ 3). (#P < 0.01 and **P < 0.005, one-way
ANOVA).
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3.4. The expression of integrin receptors in response to cell
geometry and matrix stiffness

Since MSCs cultured on fibronectin show clear differences in
both differentiation and traction stress as a function of matrix
stiffness and cell shape, we analyzed the expression of common
integrin receptors involved in fibronectin recognition. Cells were
cultured for 1 day on matrices of different stiffness (10 or 30 kPa)
and in different geometries (circle or star shape) followed by lysis,
Fig. 5. Gene expression analysis of integrins for patterned mesenchymal stem cells on fibron
of integrin a1, a3, a5, av, a6, b1, and b3 of MSCs cultured for 1 day Error bars are standard
RNA isolation and RT-PCR. Interestingly, MSCs cultured in the star
shape show higher expression than MSCs cultured in circular
shapes on both 10 kPa hydrogels (2.3-fold a1, 3.1-fold a3, 2.1-fold
a5, 73-fold av, 3.3-fold a6, 2.1-fold b1, 5.5-fold b3; Fig. S2) and
30 kPa (1.2-fold a1, 2.7-fold a3, 2.7-fold a5, 261.3-fold av, 2.5-fold
a6, 2.1-fold b1, and 2.6-fold b3; Fig. 5). In general integrin expres-
sion is higher for cells cultured in the star shape, but in particular
integrin av shows an enormous increase in expression for culture in
the star geometry compared to the circle in both 10 and 30 kPa
ectin coated 30 kPa substrates. Results of real-time PCR to measure the gene expression
deviations (N ¼ 3). (**P < 0.005 and ***P < 0.0005, one-way ANOVA).



Fig. 6. Focal adhesion architecture and integrin composition is guided by cell shape and substrate stiffness. (a) Immunofluorescence image of MSCs cultured for 10 days stained with
Paxillin and heat maps of MSCs for integrin a5b1 and avb3. Scale bar is 40 mm. (b) Quantitation of Paxillin and integrin a5b1 and avb3 markers for patterned cells cultured on
fibronectin coated 10 and 30 kPa substrates for 1 and 10 days. Error bars are standard deviations (N ¼ 3). (*P < 0.05, one-way ANOVA).
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fibronectin conjugated hydrogels.
To further verify the observed trends in integrin expression, we

performed immunofluorescence staining of a focal adhesion
marker (Paxillin) and two major integrin receptors in fibronectin
(a5b1 and avb3) (Fig. 6 and S3). Protein expression by immuno-
fluorescence showed the same trend as the RT-PCR study: higher
levels of focal adhesion and integrin expression for MSCs cultured
in star shapes compared to those in circular shapes. Since we
cultured MSCs for 10 days to study lineage specification and dif-
ferentiation, we also measured paxillin, a5b1, and avb3 at day 10.
Similar to cells cultured for 1 day, MSCs cultured for 10 days on star
shaped fibronectin substrates displayed higher levels of focal
adhesion proteins and integrin receptors.

3.5. Blocking integrin receptors and downstream signaling during
differentiation of mesenchymal stem cells

MSCs cultured in star shapes show enhanced traction stress,
integrin expression, and lineage specification to both osteogenesis
and myogenesis programs. To elucidate signal transduction path-
ways that are involved in linking extracellular recognition to dif-
ferentiation, we treated our patterned cultures with mitogen
activated protein kinase (MAPK) inhibitors (p38, ERK1/2, and JNK),
the Rho-associated kinase inhibitor Y-27632, the non-muscle
myosin inhibitor blebbistatin, and integrin blocking antibodies for
a5b1 and avb3. MSCs were cultured in 5000 mm2 star geometries
with or without 6 mM p38, ERK1/2, and JNK, 2 mM Y-27632, 1 mM
blebbistatin, or 1 mg/mL anti-a5b1 and anti-avb3 for 10 days. We
employed early (Runx2) and late (Osteopontin) osteogenic markers
to investigate the effects of inhibitors on different stages of differ-
entiation (Fig. 7). The expression of Runx2 shows a modest
decrease after treatment with pharmacological inhibitors and
blocking antibodies; however, the later marker Ostopontin shows a
decreases on account of both blocking integrins and inhibiting
downstream signal transduction players. Blocking integrin a5b1 in
particular shows decreased expression of both Runx2 and Osteo-
pontin, which suggests that signaling through this integrin plays a
significant role during osteogenesis on these matrices.

4. Discussion

Cell surface integrin receptors sense the biophysical and
biochemical properties of the extracellular matrix, convey this in-
formation to the interior of the cell, and regulate gene expression
during stem cell differentiation [10,13]. While the bulk mechanics
of the extracellular matrix (ECM) clearly plays a role during lineage
specification of stem cells on deformable substrates [17,20,30], the
identity of the tethered protein will influence the way in which
integrin receptors can exert force on the matrix, establish focal
adhesions, and transduce this mechanical and biochemical infor-
mation to the nucleus [38]. Discerning the relationship between
integrin mediated traction, focal adhesion, and the mechano-
chemical signals that direct stem cell differentiation will prove
useful for informing the design of the biomaterials interface.

To parse out the relative roles of biophysical and biochemical
cues during MSC differentiation, we employed polyacrylamide
hydrogels of four stiffness (10e40 kPa), three different conjugated
matrix proteins (fibronectin, laminin, and collagen I), and two



Fig. 7. Inhibition of integrins and downstream effectors influence differentiation. (a) Immunofluorescence image of MSCs stained with Runx2 and Osteopontin with or without
inhibitors on 30 kPa substrates. Expression of early (Runx2) and late (Osteopontin) osteogenic markers for cells adherent to the star shape of fibronectin patterned substrates
displaying how integrin a5b1 plays a critical role in osteogenic differentiation of MSCs. Scale bar is 40 mm. Error bars are standard deviations (N ¼ 3). (*P < 0.05, one-way ANOVA).
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distinct single cell shapes of the same area, but with different
geometric cues for guiding subcellular structures (circle and star).
In general, cells on stiffer substrates tend to express higher levels of
osteogenesis markers. However, when other microenvironment
cues are considered, e.g. tethered matrix proteins or control of
single cell shapes, our data suggest that the trend in lineage spec-
ification can be tuned. For instance, cells on laminin coated surfaces
show very little change in osteogenic marker expression regardless
of stiffness and geometry. Round cells show similar expression
levels of osteogenic markers while cells on star shapesdwhich
coordinate focal adhesion and formation of stress fibersdtend to
express higher levels in a stiffness dependentmanner. These results
show osteogenic differentiation can be modulated with specific
combinations of these cues. In contrast, the degree of myogenesis
gene expression depends less on single cell geometry and more on
stiffness and matrix proteins.

Cells in vivo exert a 3D tensional homeostasis which controls
diverse biological activities including stem cell differentiation
[31,39]. Focal adhesions function as one of the intermediators of
tension between cells and the ECM [17,19]. As cells exert traction
stresses on deformable matrices, focal adhesions are reinforced and
there have been several reports that size, density and turnover of
focal adhesions influence differentiation [40,41]. As cells were
cultured on our patterned matrices that differentially affect lineage
outcome, we employed traction force microscopy (TFM) to deter-
mine the tractions exerted by MSCs by obtaining measurements of
the micro-bead displacement within PAAm hydrogels [37]. MSCs
cultured on fibronectin matrices were able to exert higher traction
stress than cells adherent to laminin or collagen. This is consistent
with previous reports that demonstrate a higher prevalence of
fibronectin-binding integrins expressed inMSCs compared to those
associated with laminin or collagen [42]. Furthermore, increasing
cell perimeter by changing the geometry from a circle to a star leads
to enhanced traction on fibronectin. In contrast, the traction exer-
ted by MSCs on laminin and collagen matrices was not altered
significantly as stiffness or cell geometry was changed. Coupled
with the differentiation results, this study suggests that the ability
of MSCs to exert traction through robust focal adhesions on fibro-
nectin can guide the osteogenesis and myogenesis programs.

MSCs express multiple types of integrins involved in adhesion to
fibronectin, and we found that cells cultured in star shapes showed
higher expression of all integrins analyzed including a1, a3, a5, av,
a6, b1, and b3, irrespective of matrix stiffness. Remarkably,
expression of integrin av was 73-fold and 261-fold higher for cells
cultured in star shapes on 10 kPa and 30 kPa hydrogels respectively.
The enhancement in av expression with changes in cell shape may
be related to geometric guidance of adhesion structures and force
transmission to modulate outcome through mechanotransduction
[43e45]. Immunostaining MSCs in circle and star shapes for
integrin a5b1 and avb3 demonstrates an increase in expression at
the protein level for both integrins. Therefore we propose that both
a5b1 and avb3 are likely involved in in vitro focal adhesion for-
mation, traction generation and regulation of differentiation for
MSCs cultured on deformable matrices.

To evaluate the role of these integrins in mediating differenti-
ation, we added blocking antibodies to the cell culture media.
While inhibition of avb3 leads to a slight decrease in early osteo-
genesis marker expression (Runx2), inhibition of a5b1 shows a
large decrease in both early (Runx2) and late (osteopontin) marker
expression. Integrins are known to be involved in stem cell lineage
specification. For example, integrin a5 promotes osteogenic dif-
ferentiation of MSCs [10,46]. Integrin a5 was up-regulated during
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osteogenesis and down-regulated with shRNAs inhibiting osteo-
genic differentiation, and the osteogenic differentiation enhanced
by integrin a5 was related to the focal adhesion kinase/ERK1/2-
MAPKs and PI3K signaling pathways [46]. Roca-Cusachs et al. re-
ported that two main fibronectin receptors, a5b1 and avb3, play a
different role in cell adhesion [47]. Adhesion strength was depen-
dent on the clustering of integrin a5b1 while avb3, which is less
stable, mediates mechanotransduction and integrin-cytoskeleton
interactions. This result is in line with our data for MSCs with
different shapes on fibronectin; cells on star shapes showed higher
levels of these integrins and accordingly higher traction stresses
and osteogenic outcomes than those on circular shapes. We spec-
ulate that both integrins are involved in adhesion, but with dispa-
rate roles: avb3 in mediating focal adhesion assembly through bi-
directional force transmission, and a5b1 in regulating the differ-
entiation program through mechanotransduction. Adding phar-
macological inhibitors of downstream effectors of integrin
signaling, including Rho-associated protein kinase, non-muscle
myosins, and extracellular related MAP kinases p38, ERK 1 and 2,
and c-Jun N-termina kinases, all show some decrease in osteo-
genesis markers. However, not to the same degree as towhen initial
adhesion via a5b1 is perturbed.

5. Conclusion

Using micropatterning we can precisely control the shape of
single cells, thereby allowing the subcellular adhesive and con-
tractile elements to be modulated. Using this strategy we show
how matrix mechanics and adhesive protein composition can in-
fluence the way in which MSCs exert traction stresses during dif-
ferentiation in response to deformable matrices. In particular, MSCs
cultured on fibronectin modified hydrogels of increasing stiffness
display higher levels of traction, increased expression of integrin
receptors, and an increased propensity to differentiate, when they
are in geometries that promote enhanced focal adhesion and a
contractile cytoskeleton. Using integrin blocking antibodies and
pharmacological inhibitors of downstream effectors, we demon-
strate that MSCs adhere and deform the fibronectin conjugated
matrices through both avb3 and a5b1 integrins; however, osteo-
genesis is directed primarily through integrin a5b1. By careful
control of multiple biochemical and biophysical parameters, the
relationship between integrin mediated adhesion, deformation of
the extracellular matrix, and regulation of distinct differentiation
programs can be discerned, and may find broad applicability across
a range of cell systems.
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