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Cell behaviours within tissues are influenced by a broad array of physical and biochemical microenvi-
ronmental factors. Whilst ‘stiffness’ is a recognised physical property of substrates and tissue microen-
vironments that influences many cellular behaviours, tissues and their extracellular matrices are not
purely rigid but ‘viscoelastic’ materials, composed of both rigid-like (elastic) and dissipative (viscous)
elements. This viscoelasticity results in materials displaying increased deformation with time under the
imposition of a defined force or stress, a phenomenon referred to as time-dependent deformation or
‘creep’. Previously, we compared the behaviour of human mesenchymal stem cells (hMSCs) on hydrogels
tailored to have a constant stiffness, but to display varying levels of creep in response to an applied force.
Using polyacrylamide as a model material, we showed that on high-creep hydrogels (HCHs), hMSCs
displayed increased proliferation, spread area and differentiation towards multiple lineages, compared to
their purely stiff analogue, with a particular propensity for differentiation towards a smooth muscle cell
(SMC) lineage. In this present study, we investigate the mechanisms behind this phenomenon and show
that hMSCs adhered to HCHs have increased expression of SMC induction factors, including soluble
factors, ECM proteins and the cellecell adhesion molecule, N-Cadherin. Further, we identify a key role for
Rac1 signalling in mediating this increased N-Cadherin expression. Using a real-time Rac1-FRET
biosensor, we confirm increased Rac1 activation on HCHs, an observation that is further supported
functionally by observed increases in motility and lamellipodial protrusion rates of hMSCs. Increased
Rac1 activity in hMSCs on HCHs provides underlying mechanisms for enhanced commitment towards a
SMC lineage and the compensatory increase in spread area (isotonic tension) after a creep-induced loss
of cytoskeletal tension on viscoelastic substrates, in contrast to previous studies that have consistently
demonstrated up-regulation of RhoA activity with increasing substrate stiffness. Tuning substrate
viscoelasticity to introduce varying levels of creep thus equips the biomaterial scientist or engineer with
a new tool with which to tune and direct stem cell outcomes.

Crown Copyright � 2013 Published by Elsevier Ltd. All rights reserved.
1. Introduction

The intrinsic behaviours of cells, in vitro and in vivo, are signifi-
cantly affected by the physical and biochemical microenvironment
in which they reside [1,2]. This is especially true for cells having
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significant plasticity, such asmesenchymal stem cells (MSCs) [3e8].
It has emerged most recently that mechanical cues, derived from
various modes of stimulation, can play an important role in influ-
encing the differentiation ofMSCs into various tissue cell endpoints,
includingmuscle [3,4]. Externally appliedmechanical stimulation of
amatrix (through stretching or compression of thematrix) has been
shown to induce or up-regulate secretion of cytokines, such as TGF-
b1 [9,10], and ECMmolecules, such as laminin [11], in adhered cells,
both of which were shown to drive smooth muscle cell (SMC) dif-
ferentiation of hMSCs [12e16]. In the case of pluripotent stem cells,
this was shown to be through autocrine actions [17,18]. However, in
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the absence of such external mechanical stimulation, cells them-
selves also apply force locally to amatrix through their adhesions. In
deforming the surroundingmatrix, cells experience a resistive force,
the magnitude and time scales of which are defined by the intrinsic
mechanical properties of the matrix. This substrate-induced me-
chanical feedback is also capable of driving cellular behaviourse for
example, the stiffness (or compressive modulus) of a substrate,
which represents just one mechanical property of a material, has
been shown to direct multiple fate choices of hMSCs, including
lineage commitment to muscle cells [3].

Most tissues, and indeed many synthetic biomaterials, are not
purely elastic but ‘viscoelastic’ in nature, being composed of both
elastic and viscous elements. The resulting spectrum of mechanical
properties that cells may sense when attached to a matrix is thus
more appropriately described not only by a ‘stiffness’ value, but
instead by its viscoelasticity, in terms of both an elastic component,
which can be represented by the storage modulus (G0), and a
dissipative or viscous component, represented by the loss modulus
(G00). The higher themagnitude of the dissipative component (G00) of
a matrix, at a constant elastic component contribution (G0), the
more time dependent deformation incurred under an applied force
(such as that applied by an adhered cell), a behaviour that is
referred to as ‘creep’. One can thus appreciate that as adherent cells
begin to exert force on a viscoelastic substrate via their focal ad-
hesions (FAs), in contrast to a purely elastic substrate, substrate
creep may result in cells feeling a time dependent reduction in the
resistive force they experiencewhen actively pulling on a substrate.
This reduction in resistive force, due to the dissipative elements in
viscoelastic materials, would be expected to impact not only the
size and maturity of the FAs [19], but many other downstream
cellular processes. Elucidating the effect of matrix creep on cell
behaviour may thus have significant implications in understanding
how cells interact with their native ‘viscoelastic’ microenviron-
ments in vivo, as well as predicting how cells will respond to syn-
thetically developed biomaterials.

Indeed, a recent investigation by our group has demonstrated
that the dissipative component or loss modulus (G00) of a material’s
mechanical property slate can significantly influence multiple
hMSC behaviours, including differentiation [20]. In stark contrast to
the observed capacity of substrates of differing levels of stiffness to
bias the differentiation of hMSCs into defined tissue endpoints [3],
we showed that on a set of viscoelastic polyacrylamide (PAM)
hydrogels that displayed increasing levels of creep (but a constant
stiffness matched to that of muscle tissue (13.5 kPa)) [20], hMSCs
not only showed enhanced differentiation towards a myogenic fate,
but also towards osteo- and adipogenic fates when in the presence
of inductive factors [20]. However, unlike the effect of creep on
osteogenesis or adipogenesis of hMSCs, myogenesis (or more spe-
cifically SMC differentiation) was enhanced in both basal and
myogenic differentiation medium [20]. This was demonstrated by
an observed increase in expression of early- and mid-stage SMC
markers, aSMC and calponin, on high creep hydrogels (HCHs)
compared to low creep hydrogels (LCHs), suggesting an increased
propensity for spontaneous induction of SMC differentiation of
hMSCs on these hydrogels [20]. This study further confirmed that
the enhanced differentiation of hMSCs on substrates of increasing
creep was the result of the time dependent decrease in both passive
and actively generated isometric cytoskeletal tension [20], terms
previously defined by the cellular tensegrity model [21,22]. In line
with this model, it was proposed that hMSCs adhered to these types
of substrates would attempt to restore the balance of this lost
tension through alternative mechanisms, such as increased spread
area (isotonic cytoskeletal tension) and increased cellecell contact
(passive tension), behaviours both associated with hMSC differen-
tiation [23,24].
These particular viscoelastic PAM hydrogels more closely mimic
in vivo tissue mechanics than the purely elastic PAM materials
previously utilised, and their use with hMSCs has already lead to
new insight into the impacts of the dissipative component of a
material’s viscoelastic spectrum on stem cell fate choice. However,
the exact molecular mechanism by which hMSCs respond to such a
mechanical property during and post adhesion is currently
unknown.

The current investigation thus aimed to investigate the driver/s
behind the observed enhanced smooth muscle myogenesis of
hMSCswhen adhered to viscoelastic substrates of constant stiffness
(approximating muscle tissue) but varying levels of creep. Impor-
tantly, we investigate both end point expression (at defined time
points) and real time (dynamic) activation of key regulatory pro-
teins within known mechanotransduction pathways, using a range
of standard molecular biology techniques and a cellular Rac1
biosensor, exposing the critical role Rac1 (a Rho GTPase) plays in
directing the observed behaviours of hMSCs on these tailored
viscoelastic substrates.

2. Materials and methods

2.1. Gel fabrication

As previously described [20], PAM gels were formulated from solutions of 30 wt
% Acryl (SigmaeAldrich) and 1 wt% Bis (SigmaeAldrich) and crosslinked using tet-
ramethylethylenediamine (TEMED) (Bio-Rad, Regents Park, Australia) and 10 wt%
ammonia persulphate (Amresco) in an oxygen free environment (under nitrogen)
for approximately 30 min. Thin gels used in the FRET biosensor analysis were
attached to the underlying glass bywashing the glass with 0.1 M NaOH, silanising the
dried surface with aminopropyltriethoxysilane (APTS) for 5 min, washing the sur-
face thoroughly with milli-Q water and then applying 1% glutaraldehyde in PBS for
30 min. The surfaces were washed with milli-Q water and air dried.

2.2. Gel functionalisation for cell seeding

Sulfosuccinimidyl 6(40-azido-20-nitrophenyl-amino) hexanoate (SANPAH)
(Thermo Fisher) was photocrosslinked to the surface of the gels at a concentration of
1 mg/mL using UV light for 30 min. Gels were thoroughly washed in PBS and
functionalised with 50 mg/mL type I collagen (bovine derived) (Devro Medical) by
soaking the SANPAH treated gels in collagen solution overnight at 4 �C. Gels were
again washed with PBS before cell seeding.

2.3. Differentiation, TGF-b1, ECM protein and N-Cad analysis

2.3.1. Cell culture conditions
hMSCs were obtained from the Mater Medical Research Institute, Brisbane and

used under approval from the Medical Research Ethics Committee at the University
of Queensland (#2010001069). For analysis, hMSCs were seeded at 4000 cells/cm2

and cultured in growth or differentiation medium for 7 days before samples were
collected for analysis. Growth medium (GM) consisted of low-glucose DMEM sup-
plemented with 10% FBS and 1% penicillin/streptomycin. Myogenic medium con-
sisted of GM supplemented with 10 ng/mL TGF-b1 and 30 mM ascorbic acid.
Osteogenic medium consisted of GM supplemented with 2 mM L-glutamine, 0.1 mM

dexamethasone, 50 mM ascorbic acid, and 10 mM b-glycerophosphate. Adipogenic
medium consisted of high-glucose DMEM supplemented with 10% FBS, 1% peni-
cillin/streptomycin, 0.2 mM indomethacin, 1 mM dexamethasone, 0.5 mM IBMX, and
10 mg/mL insulin. Mixed osteogenic/adipogenic medium contained 1:1 adipogeni-
c:osteogenic differentiation media.

2.3.2. Quantitative real-time reverse transcription polymerase chain reaction (qPCR)

2.3.2.1. RNA isolation and cDNA synthesis. Total RNA was isolated using an RNeasy
Mini Kit with on-column DNase treatment (QIAGEN VWR, Stockholm, Sweeden)
according to the protocol given by themanufacturer. The concentration and purity of
RNA were determined by using a Nano-Drop spectrophotometer (NanoDrop Tech-
nologies, Inc., Rockland, DE). cDNAwas synthesised from up to 200 ng of RNA (with
equal amounts for all samples in one experiment) using SuperScript III First-Strand
Synthesis SuperMix (Invitrogen) in a total volume of 21 mL, as per manufacturer’s
instructions. An equivalent volume of DNase and RNase-freewater was used in place
of RT Enzyme Mix for no-RT controls.

2.3.2.2. Quantitative real-time reverse transcription polymerase chain reaction (qPCR).
qPCR reactions were set up in triplicates with each reaction having a total volume of
10 mL containing 1X Platinum SYBR Green qPCR SuperMix-UGD (Invitrogen), 0.2 mM
forward and reverse primers (Table 1) and 1 mL cDNA. A 7500 Fast Real-Time PCR
System (Applied Biosystems) was used at standard cycling parameters of 50 �C for
2 min, 95 �C for 2 min and then 95 �C for 15 s and 60 �C for 30 s for a total of 40



Table 1
Primer sequences used in qPCR analysis.

Gene Forward Reverse Ref./NCBI accession number

GAPDH ATGGGGAAGGTGAAGGTCG TAAAAGCAGCCCTGGTGACC [62]
LPL GAGGTACTTTTCAGCCAGGATGTAAC AGCTGGTCCACATCTCCAAGTC [23,63,64]
Alk Phos GGGAACGAGGTCACCTCCAT TGGTCACAATGCCCACAGAT [65]
Calponin Ready-made as a QuantiTect Primer Assay (CNN1) (Qiagen) [15,66,67]
TGF-b1 TGCGGCAGCTGTACATTGA TGGTTGTACAGGGCCAGGA [68]
TGFBR1 CAACTCAGTCAACAGGAAGGCA AAAGATGATCTCCAGCACAGCA NM_004612.2
Col1A1 CCTGCGTGTACCCCACTCA ACCAGACATGCCTCTTGTCCTT [69]
Col4A1 GCCGTGGGACCTGCAATTACT CGTAGGCTTCTTGAACATCT NM_001845
LAMA4 AGTGCCATGTGCCCGAGATA AAGAAGTAACTGGCAGCC NM_001105206.1
N-Cad ACCAGCCTCCAACTGGTATC GCATGTGCCCTCAAATGAAAC [70]

GAPDH ¼ glyceraldehyde 3-phosphate dehydrogenase, TGF-b1 ¼ transforming growth factor beta 1, TGFBR1 ¼ transforming growth factor beta receptor 1, Col1A1 ¼ collagen
type I, alpha 1, Col4A1 ¼ collagen type IV, alpha 1, LAMA4 ¼ laminin alpha 4 chain, N-Cad ¼ N-Cadherin.
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cycles. Results for qPCR were analysed using the 2�DCt method to normalise gene
expression to the reference gene GAPDH.

2.3.2.3. Alkaline phosphatase and lipid droplet staining. To stain for alkaline phos-
phatase, a solution of 1 mg/mL Fast Blue BB Salt (Sigma) and 0.2 mg/mL Naphthol
AS-MX phosphate disodium salt (Sigma) (1 mg dissolved in 50 mL N-N-dime-
thylformamide) was prepared in 0.1 M TriseHCl pH 9.2. Cells were washed with PBS
and incubated in the prepared solution for 10 min at room temperature before
washing with milli-Q water. Cells were subsequently fixed in 4% paraformaldehyde
at room temperature for 20 min, washed in PBS and stained for lipid droplet
accumulation using 0.5% Oil red O in isopropanol diluted 6:4 in PBS. After 30 min
staining, cells were washed with PBS and images were obtained using an Olympus
IX51 inverted microscope.

2.4. Rac activity inhibition analysis

Levels of N-Cad and calponinwere analysed in hMSCs seeded on HCHs and LCHs
in myogenic and basal medium in the presence of 25 mM Rac inhibitor, N6-[2-[[4-
(Diethylamino)-1-methylbutyl]amino]-6-methyl-4-pyrimidinyl]-2-methyl-4,6-
quinolinediamine trihydrochloriden (NSC23766) (Tocris). In all cases, cells were
seeded and allowed to attach to the hydrogels in standard GM for 24 h before
medium was exchanged for myogenic or basal medium with or without inhibitor.
NSC23766 was initially introduced after 24 h and reapplied with a medium change
after 4 days.

2.5. Motility analysis

hMSCs were seeded on HCHs and LCHs at 2000 cells/cm2 in standard growth
medium. After 4 h incubation at 37 �C and 5% CO2, images were obtained on a real-
time microscope (Olympus IX81) stage with a cell culture chamber (37 �C and 5%
CO2) where cell motility time-lapse images were taken at 10min intervals for 20 h at
10� magnification. Thereafter cell images were taken at 90 s intervals for 1.5 h at
20� magnification to determine protrusion rates (extensions and retractions). Cell
velocities and protrusion rates were measured by tracking the time-lapse images
using ImageJ 1.42q software (National Institute of Health, Bethesda, MD).

2.6. Immunohistochemistry

Cultures were fixed in 4% paraformaldehyde at 25 �C for 20 min, permeabilised
using 0.1 wt% Trition X-100 for 5 min, blocked in 3% albumin from bovine serum
(BSA)/PBS and incubated with either 1:150 anti-Tiam1 (C-16, Santa Cruz Biotech-
nology), 1:50 anti-Collagen-I (CL50IIIAP), 1:100 anti-collagen-IV (CP20L) or 1:250
anti-Laminin (L9393). After thorough washing the samples were incubated with
1:200 anti-mouse IgG-Alexa Fluor 488 secondary antibody (Invitrogen), 1:50 Texas
Red-X phalloidin (Invitrogen) and 1:1000 Hoechst (Invitrogen) in 3% BSA/PBS for
45min at room temperature. High resolution images were obtained using an LSR710
confocal microscope (Zeiss).

2.7. Rac biosensor analysis

2.7.1. Cell transfection
Mouse mesenchymal-derived CH3T101/2 cells are a consistently utilised cell

line for studies investigating the role of mechanotransduction pathways in
mesenchymal stem or progenitor cell adhesion and differentiation [25e28]. We thus
chose to utilise this cell line for the development of our Rac biosensor. CH3T101/2
cells (obtained from the ATCC) were cultured in high-glucose DMEM supplemented
with 10% FBS and transfected with a previously designed plasmid vector [29] when
they reached 70% confluency using Lipofecatamine LTX with Plus Reagent (Life
Technologies). Mediumwas initially exchangedwith 0.5mL of fresh growthmedium
per well in a 6 well tissue culture plate (TCP). For each well to be transfected, 4 mL of
Lipofectamine LTX was added to 46 mL of Opti-MEM reduced serum medium while
4 mL of Plus Reagent and 1 mg of DNAwere added to a separate 46 mL of Optim-MEM.
After 20 min incubation at room temperature, the Lipofectamine LTX and Plus so-
lutions were mixed and added drop-wise to the well. Cells were incubated at 37 �C
and the medium was exchanged with fresh growth medium after 6 h. After stabil-
ising for 2 days, cells were seeded onto gels in basal medium for analysis of Rac1
activation.

2.7.2. FRET microscopy
Cells were imaged live at 37 �C by confocal microscopy and images were ac-

quired on a LSM710 Zeiss confocal microscope equipped with a 40� water im-
mersion objective (Zeiss, Jena, GER). Donor (D) and FRET (F) channels were recorded
using a 458 nm laser line and collecting the emissions in the donor (BP 470e490 nm)
and acceptor (BP 530e590 nm) emission regions, respectively. In addition, crosstalk
(X) and acceptor (A) channels were recorded using the 514 nm laser line for exci-
tation and collecting the emission in the donor and acceptor emission regions.
Images were acquired by sequential acquisition. For FRETmeasurements, a modified
version of the FRET emission ratio was used to calculate this parameter on a pixel-
by-pixel basis, as we described previously [30]. The FRET index was calculated for
every image as the average [FRET/Donor] emission ratio for pixels located in the
selected regions of interest (ROIs) in cells. FRET values were calculated for the
cytosolic regions of cells and normalised to the value corresponding to the average
FRET emission ratio value observed in similar regions in cells plated on LCHs. Data
presented are mean FRET emission ratios calculated across the different images and
their standard errors and statistical significance assessed by t-test.

3. Results and discussion

3.1. Proteins associated with SMC differentiation

3.1.1. TGF-b1 and TGF-b receptor I
Chosen for its tuneable mechanical properties, PAMwas used to

produce high creep hydrogels (HCHs) and low creep hydrogels
(LCHs) that were identical to those used in Cameron et al. [20]. They
display a constant storage modulus (G0) of w4.7 kPa but varying
loss moduli (G00) of 130 Pa (HCH) and 1 Pa (LCH) respectively, at a
testing frequency equivalent to that used by cells when probing a
substrate [20]. Under a load representative of cell traction, the rate
of creep of the LM130Pa hydrogel was shown to be more than two
orders of magnitude greater than the LM1Pa hydrogel.

Substrate mechanical properties, such as stiffness, have been
shown to induce secretion of cellular proteins [31], suggested to be
due to the activation of mechanotransductive signalling molecules,
such as Rho family GTPases. For example, constitutive activation of
RhoA (a G-protein known to be affected by substrate rigidity [32])
in trabecular meshwork cells, increased their synthesis of ECM
proteins [33]. Constitutive activation of Rac1, another member of
the Rho family GTPases, has also been shown to increase expression
of type I collagen in dermal fibroblasts [34]. Given the observed
induction of SMC differentiation on HCHs [20], it is reasonable to
suggest that substrate creep may also perturb mechano-
transductive signalling pathways to affect the secretion of soluble
or insoluble proteins involved in enhancing the differentiation
potential of hMSCs. Further, the observed increase in SMC differ-
entiation of hMSCs on substrates of increasing creepwas previously

http://NM_004612.2
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observed to be more pronounced in myogenic medium than basal
medium [20]. This outcome suggested a role for soluble inductive
factors in enhancing the effect of substrate creep on SMC differ-
entiation. Given the known potential for TGF-b1 to enhance SMC
differentiation [12e15], we thus measured the expression levels of
both TGF-b1 and its receptor (TGFBR1) on these HCHs and LCHs.

When cultured in basal medium, there were no statistical dif-
ferences in the expression of TGF-b1 and TGFBR1 in hMSCs on
either HCHs or LCHs after 7 days (Fig. 1AeB). This was in contrast to
hMSCs cultured in myogenic medium, which showed a statistically
significant increase in expression of both genes on the HCHs
(Fig. 1CeD). The increased TGFBR1 expression in hMSCs on the
HCHs in myogenic medium (Fig. 1D) was somewhat surprising
however, as unlike TGF-b1, no difference in TGFBR1 was seen be-
tween hMSCs in myogenic or basal media on TCP (Supplementary
Fig. 1). These data suggest that increasing substrate creep may
enhance SMC differentiation of hMSCs, in part, by increasing the
expression of endogenous TGF-b1 and prolonging the increase in
expression of TGFBR1 upon exposure to exogenous TGF-b1, thereby
enhancing its effects.

3.1.2. Basement membrane ECM components
ECM composition is also known to be an important factor in

myogenic differentiation [16,35] and due to the observed changes
in TGF-b1 expression, the effect of substrate creep on the expression
of ECM proteins in hMSCs was investigated.

We first showed that transcription of COL4A1 and COL1A1
was significantly increased when hMSCs underwent SMC
Fig. 1. Relative expression of TGF-b1 and TGFBR1 in hMSCs on substrates of different loss mo
medium (CD) on different loss modulus substrates for 7 days. Expression of TGF-b1 and
represent � standard error of the mean (* ¼ p < 0.05, ** ¼ p < 0.005).
differentiation on TCP (Supplementary Fig. 2AeB). While LAMA4
was reduced under the same myogenic inductive conditions
(Supplementary Fig. 2C), its presence in all vascular basement
membranes of foetal and adult tissue [36] warranted further
analysis under the influence of substrate creep. Therefore, we
investigated the expression of laminin (LAMA4), type IV collagen
(COL4A1) and type I collagen (COL1A1) in hMSCs on HCHs and
LCHs.

hMSCs on HCHs showed statistically significant increases in the
expression of COL1A1 and COL4A1 but not LAMA4 in basal medium,
and a statistically significant increase in the expression of all three
ECM proteins in myogenic medium (charts in Fig. 2). These in-
creases in gene transcription were supported by qualitative in-
creases in protein secretion (images in Fig. 2). Interestingly, the
regulation of LAMA4 differed depending on whether myogenesis
was induced by myogenic medium alone (when hMSCs were
cultured on TCP) or by the combination of myogenic medium and
substrate creep (when hMSCs were cultured on HCHs). In myogenic
medium, LAMA4 expression was significantly up-regulated in
hMSCs on HCHs compared to LCHs. On TCP, however, LAMA4
expression was down-regulated in myogenic medium
(Supplementary Fig. 2C), which is surprising considering the core
role it plays in microvessel growth [37].

Unlike collagens, little data has been reported on the effect of
TGF-b1 on laminin expression within cells, although the results of
this study suggest that laminin expression is significantly reduced
by exogenous TGF-b1 signalling. Furthermore, when soluble
myogenic cues (i.e. TGF-b1) were combined with optimised
duli. qRT-PCR analysis of hMSCs grown in basal medium (AeB) and myogenic induction
TGFBR1 is relative to GAPDH and normalised to LCHs for each donor. All error bars



Fig. 2. Relative expression of extracellular matrix proteins in hMSCs on substrates of different loss moduli. qRT-PCR (charts) and immunohistochemistry (images) analyses of hMSCs
grown in basal medium and myogenic induction medium on different loss modulus substrates for 7 days. Expression of collagen type I (COL1A1), collagen type IV (COL4A1) and
laminin (LAMA4) in qPCR analysis is relative to GAPDH and normalised to LCHs for each donor. All error bars represent � standard error of the mean (* ¼ p < 0.05, ** ¼ p < 0.005).
Immunohistochemistry images show ECM protein (green). Insets show ECM proteins (green), nucleus (blue) and actin (red). (For interpretation of the references to colour in this
figure legend, the reader is referred to the web version of this article.)

A.R. Cameron et al. / Biomaterials 35 (2014) 1857e1868 1861
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mechanical myogenic cues (i.e. increased substrate creep), laminin
expression increased, thereby increasing the potential for mainte-
nance of the differentiated SMC phenotype [38]. This is in contrast
to the provision of soluble myogenic cues without optimisation of
mechanical properties (i.e. on TCP), which reduced the expression
of laminin (a process that occurs during the development of
atherosclerotic lesions [39]). These results suggest that the differ-
entiation and maintenance of mature SMCs may require the
appropriate delivery of both soluble and mechanical cues.

3.2. Cell adhesion proteins

3.2.1. N-Cad
In addition to enhancing the expression of soluble and ECM

proteins, substrate creep may also enhance SMC differentiation
through its effect on proteins relating to cellecell contact. In a study
by Gao et al. [24], increased cell density was shown to enhance SMC
differentiation of hMSCs via the up-regulation of the cell adhesion
molecule, N-Cadherin (N-Cad). Previously, we have shown that
increasing substrate creep not only increases hMSC spread area, but
also proliferation [20]. This increased proliferation will inevitably
lead to higher cell densities and as a result, increased cellecell in-
teractions. Therefore, we hypothesised that the increased cell
spread area and proliferation (relating to density) of hMSCs on the
HCHs could lead to increased N-Cad expression, which could then
provide a mechanism for enhanced SMC differentiation.

After 7 days culture, hMSCs on HCHs showed a statistically
significant increase in N-Cad expression compared to those on
LCHs, in both basal and myogenic medium (Fig. 3AeB). Again, this
was in line with the observed behaviour of hMSCs undergoing SMC
differentiation, as exemplified by the increased expression of N-Cad
when hMSCs undergo myogenic differentiation on TCP
(Supplementary Fig. 3A). Whilst we have previously proposed that
increased cell spread area on HCHs helps to regain the cytoskeletal
tension lost as a result of substrate creep [20], cellecell contacts
may also provide a means of regaining some of this lost tension, as
the forces exerted at cellecell contacts are similar to those trans-
duced through FAs [40]. The additional role that N-Cad plays in
facilitating SMC differentiation of hMSCs suggests that this may be
another mechanism that contributes to the enhanced SMC differ-
entiation on HCHs.

3.2.2. Rac1-mediated N-Cad expression
N-Cad expression is closely related to the activity of Rac1, a

member of the Rho GTPase family [41]. Over-expression of Rac1
increases N-Cad expression in hMSCs [42] while Rac1 inhibition
(using an inhibitor of Rac1 activation (NSC23766)) decreased N-Cad
expression on TCP, in both basal and myogenic medium
(Supplementary Fig. 3BeC). We therefore hypothesised that
increased N-Cad expression on HCHs may be mediated by Rac1
activity. To examine this hypothesis, the relationship between N-
Cad expression and Rac1 activity on the different gels was tested.

In basal medium, hMSCs treated with 25 mM NSC23766 showed
a statistically significant decrease in N-Cad expression on HCHs
(Fig. 3D) but not on LCHs (Fig. 3C). This indicated that N-Cad
expression was dependent on Rac1 activity on HCHs, but not on
LCHs. A reversal of this behaviour was seen in myogenic medium,
whereby there was a statistically significant decrease in N-Cad
expression in NSC23766-treated hMSCs on LCHs (Fig. 3E) but no
statistically significant effect of the treatment on N-Cad expression
on the HCHs (Fig. 3F). Rac1 activity is known to be up-regulated by
TGF-b-based myogenic medium [24], and therefore the increased
Rac1 activity in hMSCs on LCHs in myogenic medium compared to
basal medium may make them more susceptible to the effects of
NSC23766 in decreasing N-Cad expression. Asmentioned earlier, an
increase in N-Cad expression in hMSCs on HCHs compared to those
on LCHs may be a means of compensating for a loss in passive
tension due to creep [20]. This datawould suggest an additive effect
of substrate creep and TGF-b1 on the induction of N-Cad, which
would result in a reduced impact of NSC23766 on cells on HCHs in
myogenic medium.

3.3. Rac1 activity

Activated mechanotransductive signalling molecules, such as
Rac1, may themselves provide a mechanism for the influence of
substrate creep on SMC differentiation of hMSCs [24]. It should be
noted that inhibition of Rac1 activity reduced hMSC expression of
the SMC marker, calponin, irrespective of the substrate or medium
(Supplementary Fig. 4). This highlights the importance of Rac1
activity to SMC differentiation of hMSCs.

A Rac FRET biosensor [29] measuring Rac1 activation was
transfected within CH3T101/2 cells (a (murine) mesenchymal stem
cell line commonly utilised to study the roles of mechano-
transduction pathways in mesenchymal cell adhesion and differ-
entiation [25e28]), validated and thereafter utilised to explicitly
verify the hypothesis that Rac1 activity is increased with increasing
substrate creep. The ability of the Rac FRET biosensor to measure
variations in Rac1 activity was verified in cells expressing wild type
(WT), constitutively inactivated (N17) and activated (G12V) Rac
biosensor mutants (Supplementary Figs. 5 and 6). Images of cells
expressingWT Rac1 biosensor were captured at 4 h (Fig. 4AeD) and
24 h (Fig. 4EeH) time points and the ratios of FRET and donor (CFP)
emissions were analysed (Fig. 4B, D, F and H) to measure the
respective Rac1 activities. As hypothesised, in the absence of any
soluble cues, statistically significant increases in Rac1 activity were
observed on the HCHs, at both 4 h and 24 h time points (Fig. 4IeJ).

Unlike previous studies that have demonstrated the effect of
increasing substrate stiffness on up-regulating Rho activity [32,43e
46], there are divergent accounts of the effect of substrate stiffness
on Rac activity. Some studies report that Rac activity increases with
increasing substrate stiffness [47,48], others report that there is no
effect of substrate stiffness on Rac activity [45], while it has even
been suggested that Rac activity is reduced with matrix stiffness
[49]. This current study clearly demonstrates the influence of time
dependent deformation, or creep, a characteristic of all of visco-
elastic substrates, on Rac1 activity.

The increase in Rac1 activity on HCHs fits with our previously
proposed hypothesis that a reduction in passive and isometric
cytoskeletal tension (a consequence of substrate creep) is
compensated by an increase in isotonic tension [20]. Isotonic ten-
sion is regulated through lamellipodial protrusions, which neces-
sitates the activation of Rac1 [50]. Interestingly, images in Fig. 4B, D,
F and H suggest a higher activation of Rac1 on the periphery of cells
on HCHs, supporting Rac1 activation as the driver for sustained
lamellipodial activity under these substrate imposed conditions.

Given the substantial role that Rac1 plays in mediating SMC
differentiation of hMSCs [24] (Supplementary Fig. 4), the increased
Rac1 activity on HCHs could certainly be considered a valid
mechanism contributing to the enhanced SMC differentiation on
these substrates. Furthermore, a creep-induced increase in Rac1
activity has the potential to impact upon a host of other cell be-
haviours including motility, attachment, mitosis and cell cycle
[47,51,52].

3.4. Motility and protrusion rates

As mentioned, a potential role for the increased Rac1 activity in
hMSCs on HCHs is in facilitating the extension of the cell’s leading
edge by regulating the polymerisation of actin within lamellipodia



Fig. 3. N-Cad expression in hMSCs influenced by substrate loss modulus, media and Rac1 inhibition. (A and B) qRT-PCR analysis of N-Cad expression, relative to GAPDH, in hMSCs
on different loss moduli substrates in basal (A) and myogenic (B) media after 7 days culture. Expression levels are normalised to LCHs for each donor. (CeF) qRT-PCR analysis of N-
Cad expression in 1 untreated and Rac1 inhibited (þ25 mM NSC23766) hMSCs, relative to GAPDH, when cultured LCHs (C and E) or HCHs (D and F) in basal (C and D) or myogenic (E
and F) medium for 7 days. Expression levels are normalised to untreated hMSCs for each donor. All error bars represent � standard error of the mean (* ¼ p < 0.05, ** ¼ p < 0.005).
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[50]. To test if this is indeed the case in our system, hMSC motility
and protrusion rates were analysed on HCHs and LCHs in basal
medium. We found that hMSCs on HCHs showed statistically sig-
nificant higher motility compared to hMSCs on LCHs (Fig. 5A and
Supplementary Movies 1e2). Further, they showed a statistically
significant increased rate of extension and retraction of lamellipo-
dial protrusions (Fig. 5B and Supplementary Movies 3e4) on HCHs
compared to LCHs.

Supplementary videos related to this article can be found at
doi:10.1016.j.qdypi.2009.12.006



Fig. 4. FRET analysis of Rac1 biosensor transfected CH3T101/2 cells on different loss moduli substrates. (AeH) Confocal images of CH3T101/2 cells transfected with a wild type (WT)
Rac1 biosensor on LCHs (A,B,E,F) and HCHs (C,D,G,H) at 4 h (AeD) and 24 h (EeH) time points. E) Average FRET index (represented in images B,D, F and H), calculated as a ratio of
FRET to donor (CFP) emission, for WT transfected CH3T101/2 cells on LCHs and HCHs at 4 h (I) and 24 h (J) time points. Data was normalised to WT transfected CH3T101/2 cells on
LCHs. All error bars represent � standard error of the mean (** ¼ p < 0.005).
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Whilst these observations have not been reported previously,
a previous study by Murrell et al. [53] has reported increased
motion of epithelial cell sheets on viscous substrates, an outcome
that obviously has some resonance with our results. Cells are
Fig. 5. Motility and protrusion rates of hMSCs on different loss moduli substrates in basal m
measured at 10 min intervals for 20 h). (B) Extension and retraction rates of hMSC protrusio
error bars represent � standard error of the mean (** ¼ p < 0.005).
known to move along a gradient of substrate stiffness from low
compressive modulus to high compressive modulus, a phenom-
enon known as durotaxis [54]. It is thought that this guided
movement is a result of increased tractional forces and decreased
edium. (A) Motility of hMSCs on HCHs and LCHs 4 h after seeding (cell displacement
ns 24 h after seeding (protrusion displacement measured at 90 s intervals for 2 h). All
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substrate (elastic) displacement (for equivalent energy inputs) on
regions of increased substrate rigidity, creating a bias in the
movement direction and speed respectively. On these rigid re-
gions they are able to increase cytoskeletal tension, causing their
FAs to mature and they become less motile [19,55]. We thus
Fig. 6. Tiam1 localisation and translocation in hMSCs on different loss moduli substrates. h
and 48 h culture. Arrow heads indicate Tiam1 localised to the nucleus while arrows ind
interpretation of the references to colour in this figure legend, the reader is referred to the
hypothesise that the tractional forces applied by hMSCs on both
HCHs and LCHs will initially be equivalent, due to the equivalent
storage (elastic) moduli of these substrates. However, due to the
time-dependent dissipation of energy in HCHs, there will be a
limit to the force that cells are able to exert at their FAs on these
MSCs on LCHs and HCHs showing actin (red), nucleus (blue) and Tiam1 (green) after 8
icate translocation of Tiam1 to the cell periphery. Scale bars represent 50 mm. (For
web version of this article.)
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substrates. This not only leads to smaller FAs, as confirmed by our
earlier study [20], but also differing dynamics at this leading
edge. Unlike LCHs, which provide a constant resistance at
established FAs, the dynamic creep of HCHs will continually
cause an imbalance of forces towards the leading edge where
tractional forces are applied, which will then drive increased cell
motility. Although there may be a depletion of tractional forces at
the leading edges of hMSCs on HCHs due to substrate creep, this
can be compensated for by an increase in protrusion rates, as
observed on these gels (Fig. 5B), which increases the transience
of FAs and avoids further time-dependent dissipation of energy
at sites of adhesion. The increased hMSC motility on HCHs, with
regards to both the migration and protrusion rates, suggests an
increase in lamellipodia formation [56] that is likely to be
mediated by the observed increase in Rac1 activation on these
substrates [50].

Furthermore, the results from the current study, taken together
with results from previous studies, begin to portray a cohesive story
about the influence of substrate mechanical properties on the ac-
tivity of Rho GTPases. Wozniak et al. [32] showed that decreasing
the ability of cells to generate isometric tension, either by reducing
the rigidity of their surrounding matrix or by untethering the sur-
rounding matrix from a fixed support, increased isotonic contrac-
tility and down-regulated Rho activity. Conversely, Katsumi et al.
[57] showed that increasing the cell’s ability to generate isometric
tension by increasing the tension in the underlying substrate
down-regulated Rac activity, however this Rac activity was again
up-regulated via the use of inhibitors that block myosin phos-
phorylation, and thus isometric contractility. We thus propose that
impeding the ability of cells to generate isometric tension, via
increased substrate viscous properties (creep), will lead to up-
regulation of the activity of Rac. This will not only increase the
ability of the cell to generate tension via isotonic mechanisms (i.e.
lamellipodial protrusions), but may also down-regulate the activity
of Rho, as per previous studies that have shown the down-
regulation of Rho by Rac [58,59]. Therefore, given the previously
demonstrated effect of stiffness on Rho activity [32,43e46], stiff-
ness and creep properties of a material may have completely con-
trasting influences on Rho by up- and down-regulating its
activation respectively.

A potential mediator in the up-regulation of Rac, subsequent to
the creep-induced reduction of isometric tension and consequent
down-regulation of Rho, is the guanine exchange factor, Tiam1.
Tang et al. [60] have recently shown that inhibition of ROCK1,
responsible for contributing to actin stability during cell contrac-
tility, leads to a Tiam1-mediated down-regulation of RhoA and up-
regulation of Rac1. Interestingly, immunostaining of Tiam1 in the
current study showed that unlike the perinuclear localisation of
Tiam1 expression in hMSCs on LCHs, the localisation of Tiam1 in
hMSCs on HCHs was diffuse throughout the cytosol and observed
preferentially on the cell periphery, where it is necessary for the
induction of Rac-mediated membrane ruffles [61] (Fig. 6). Consid-
ering the observations made by Tang et al. [60], this result provides
preliminary insight into the possible upstream mechanism for the
influence of substrate creep on Rac1 activation.

4. Conclusion

Enhanced protein secretion characteristic of SMC differentia-
tion was confirmed in hMSCs adhered to viscoelastic hydrogel
substrates that display increasing time-dependent deformation or
creep, corroborating our previously demonstrated increase in SMC
gene expression with increasing substrate creep. The mechanisms
responsible for this directed differentiation were explored, using
standard molecular biology techniques and a real-time Rac-1
biosensor, with the results suggesting that this effect is mediated
by changes in a number of signalling pathways associated with
both soluble (factor) and extracellular matrix protein production
and secretion. We provide evidence that Rac1 activity is upregu-
lated by increasing levels of substrate creep and that this is the
likely driver for the enhanced expression of SMC genes in, and
secretion of ECM proteins by, hMSCs on these substrates. The
observed increases in rates of protrusion formation and cell
migration of hMSCs on substrates with high levels of creep also
align with the observed increased Rac1 activity. This work thus
provides valuable insight into the effects of distinct mechanical
cues, relating to separable viscous and elastic biomaterial prop-
erties, on key regulatory signalling mechanisms relevant to tissue
development and stem cell fate choice. Further, as all tissues and
their extracellular matrices are intrinsically viscoelastic, eluci-
dating the effect of material creep on the behaviour and lineage
commitment of hMSCs will have important implications in the
development and optimisation of biomaterials for tissue engi-
neering applications.
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