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Abstract

Biophysical cues play a key role in directing the lineage commitment of mesenchymal stem cells or multipotent

stromal cells (MSCs), but the mechanotransductive mechanisms at play are still not fully understood. This review

article first describes the roles of both substrate mechanics (e.g. stiffness and topography) and extrinsic

mechanical cues (e.g. fluid flow, compression, hydrostatic pressure, tension) on the differentiation of MSCs. A

specific focus is placed on the role of such factors in regulating the osteogenic, chondrogenic, myogenic and

adipogenic differentiation of MSCs. Next, the article focuses on the cellular components, specifically integrins,

ion channels, focal adhesions and the cytoskeleton, hypothesized to be involved in MSC mechanotransduction.

This review aims to illustrate the strides that have been made in elucidating how MSCs sense and respond to

their mechanical environment, and also to identify areas where further research is needed.
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Introduction

How cells respond to mechanical signals is thought to play

a key role in embryonic development, as well as in tissue

healing and repair. Understanding how mesenchymal stem

cells or multipotent stromal cells (MSCs) derived from adult

tissues such as bone marrow and adipose tissue respond to

mechanical signals is a major area of research and has

important implications for tissue engineering and regenera-

tive medicine. While progress has been made in under-

standing how mechanical signals are sensed by MSCs and

then transduced to affect their behaviour (such as prolifera-

tion and differentiation), there is still much that is not fully

understood. Extra- and intra-cellular molecules, membrane

proteins (e.g. integrins, ion channels, etc.) and numerous

cytoskeletal components are all believed to play key roles in

determining how MSCs sense and transmit mechanical sig-

nals, making mechanotransduction mechanisms extremely

complex. This review aims to summarize our current under-

standing of how mechanical cues direct MSCs towards vari-

ous musculoskeletal lineages. The paper will begin by

describing the role of substrate mechanics (e.g. stiffness and

topography) in regulating MSC differentiation. Next, the

effects that various extrinsic mechanical signals (e.g. fluid

flow, compression, hydrostatic pressure (HP) and tension)

have on MSC fate will be summarized. Finally, the role of

various cellular components believed to play a role in the

mechanotransduction of these different mechanical cues

will be described (Fig. 1).

Role of substrate stiffness and cell shape

Cells exist within tissues of vastly differing stiffness, from

soft brain tissue to stiff cortical bone. In vitro, matrix or sub-

strate stiffness has been shown to play a role in regulating

the differentiation of MSCs towards specific lineages

(Table 1; Engler et al. 2006; Park et al. 2011). When cul-

tured on 2D substrates that mimicked the stiffness of

physiological neurogenic, myogenic and osteogenic envi-

ronments, MSCs adopted a phenotype corresponding to

the tissue stiffness, as demonstrated by cellular morphol-

ogy, transcript markers and protein production (Engler

et al. 2006). In a similar experiment, MSCs seeded onto soft

substrates were shown to have a greater adipogenic and

chondrogenic potential, while those on stiffer substrates

had a stronger myogenic potential (Park et al. 2011).
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Fig. 1 This review describes the intrinsic and

extrinsic mechanical cues that regulate the

differentiation of MSCs and the specific

cellular components hypothesized to be

involved in MSCs mechanotransduction.

Table 1 Effects of intrinsic mechanical cues on MSC differentiation.

Study Cell source Culture conditions Intrinsic cues Key findings

McBeath et

al. (2004)

Human marrow 2D Fibronectin-coated

PDMS substrate

Micropatterned small (rounded)

and large (spread) islands

Mixed media: spread = osteogenic,

round = adipogenic; regulated by

RhoA and ROCK

Engler et

al. (2006)

Human marrow 2D Col-coated

polyacrylamide

Substrate elasticity = 0.1–40 kPa Phenotype of MSCs mimics tissue-level

elasticity; dependent on NMM II

Gao et al. (2010) Human marrow 2D Fibronectin-coated

PDMS substrate

Micropatterned small (rounded)

and large (spread) islands

TGF-b3 media: spread = myogenic,

round = chondrogenic; regulated

by Rac1 and N-cadherin

Huebsch et

al. (2010)

Human marrow 3D Alginate and

agarose hydrogels

Matrix stiffness = 2.5–110 kPa Stiff = osteogenic, soft = adipogenic;

integrin binding forms bell curve

with stiffness; myosin contractility

required to sense matrix stiffness

Pek et al. (2010) Human marrow 3D PEG-silica

composite gel

Matrix stiffness = 7–100 Pa Integrin binding had greater impact

on MSC lineage commitment in

stiff matrices

Parekh et

al. (2011)

Human marrow 3D PEG hydrogels Matrix stiffness = 0.2–59 kPa Increased stiffness increased

osteogenesis; dependent on integrin

binding, but not actin

polymerization, NMM II or ROCK

signalling

Park et al. (2011) Human marrow 2D Col-coated

polyacrylamide

or Col gel

Substrate stiffness = 1–15 kPa

and coated plastic dish

Stiff = myogenic, soft =

adipo/chondrogenic; cell adhesion

strength lower and decreased stress

fibre formation in soft gels

Khetan et

al. (2013)

Human marrow 3D Hyaluronic

acid hydrogels

Matrix stiffness = 4.4–91.6 kPa Cell–matrix interactions and

traction-mediate forces regulate

MSC fate decisions

Steward et

al. (2013)

Porcine marrow 3D Agarose gels Matrix stiffness = 1–25 kPa Osteogenesis increased and

chondrogenesis decreased with

increased stiffness; alterations in

vinculin, actin and vimentin with

increasing stiffness

MSC, multipotent stromal cell; NMM II, non-muscle myosin II; PDMS, polydimethylsiloxane; PEG, polyethylene glycol; RhoA, RhoA

GTPase; ROCK, Rho kinase; TGF, transforming growth factor.
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In such 2D culture systems, substrate stiffness is generally

found to affect cellular morphology, while in certain 3D

hydrogels MSCs have been shown to retain a spherical mor-

phology irrespective of the hydrogel stiffness (Huebsch

et al. 2010; Parekh et al. 2011). In spite of this, the fate of

encapsulated MSCs is still generally dependent on the stiff-

ness of the hydrogel, with stiffer gels supporting osteogen-

esis and softer gels supporting adipogenesis (Huebsch et al.

2010). Integrin binding has been shown to be necessary in

order for osteogenic differentiation to occur on stiff sub-

strates, while an absence of integrin binding has little to no

effect on MSC differentiation down adipogenic or neuro-

genic lineages when cultured on soft substrates (Huebsch

et al. 2010; Pek et al. 2010; Parekh et al. 2011). In both 2D

and 3D it has been demonstrated that with increasing

matrix stiffness, the number of integrins bound to the

matrix forms a bell curve distribution, with the hydrogel

stiffness that facilitates peak bond formation also providing

the optimal stiffness for osteogenic differentiation (Engler

et al. 2004; Huebsch et al. 2010). Inhibition of myosin con-

tractile machinery eliminated the dependence of bond for-

mation on matrix stiffness, suggesting that traction-

mediated forces are necessary for the cell to properly sense

its mechanical environment (Huebsch et al. 2010). Inhibition

of bond formation decreased the osteogenic potential of

the cells, suggesting that matrix stiffness-mediated integrin

binding has a direct effect on MSC lineage commitment

(Huebsch et al. 2010). Myosin-generated contraction is also

required for MSCs to respond to substrate stiffness in 2D

(Pelham & Wang, 1997; Discher et al. 2005; Engler et al.

2006).

As already described, matrix stiffness appears to regulate

cell shape for multiple cell types, particularly in 2D culture

systems, due perhaps to substrate stiffness-mediated

changes in integrin binding, adhesion strength and cellular

stiffness/contractility (Choquet et al. 1997; Solon et al. 2007;

Chowdhury et al. 2010; Park et al. 2011). Cell shape is deter-

mined by both the internal configuration of the cytoskele-

ton and external interactions with the extracellular matrix

(ECM) and adjacent cells. Cell shape has been shown to be a

key regulator of MSC differentiation (McBeath et al. 2004).

It has been possible to directly determine the role of cell

shape on MSC differentiation by seeding cells on micropat-

terned fibronectin-coated islands of differing size and then

stimulating the cells with a mixed media that potentially

permits differentiation along multiple lineages. On small

islands where MSCs adopted a rounded morphology, adipo-

genesis was predominant, while on larger islands where

MSCs adopted a spread morphology, osteogenesis was

favoured (McBeath et al. 2004). This study also demon-

strated that cell shape regulates RhoA GTPase (RhoA) and

Rho kinase (ROCK) activity. RhoA is a key regulator of con-

tractility, while ROCK is a Rho effector involved in myosin

contraction. Inhibition of ROCK switched lineage commit-

ment of cells from an osteogenic to an adipogenic pheno-

type, while activation of RhoA in cells exposed to

adipogenic media promoted an osteogenic phenotype,

indicating that cellular contractility controls MSC lineage

commitment down either an osteogenic or adipogenic line-

age (McBeath et al. 2004). In a similar study, MSCs stimu-

lated with the transforming growth factor (TGF)-b3 were

either allowed to flatten and spread, or to maintain a

rounded cell morphology. MSCs allowed to spread pro-

ceeded down a myogenic lineage, while those kept

rounded committed to a chondrogenic lineage (Gao et al.

2010). RhoA was not upregulated; however, Rac1 (a mem-

ber of the Rho GTPase family) was upregulated in the

spread cells, and was sufficient to induce myogenesis and

inhibit chondrogenesis. Together, Rac1 and TGF-b3 were

found to upregulate N-cadherin (a molecule associated with

cell–cell adhesions), indicating that structural changes to

the cytoskeleton play key roles in determining MSC lineage

commitment down multiple different pathways (McBeath

et al. 2004; Gao et al. 2010).

Interestingly, although cell shape has been shown to con-

trol adipogenic/osteogenic lineage commitment through

the Rho and ROCK pathways, uncertainty still exists in the

literature over the roles of Rho and cytoskeletal tension on

MSC response to substrate stiffness. In 2D, non-muscle myo-

sin II (NMM II), which acts to put the actin cytoskeleton into

tension, was observed to be necessary in order for modulus-

driven differentiation to occur (Engler et al. 2006). NMM II

is also correlated with an increase in the number of focal

adhesions (Conti et al. 2004). Another 2D study found cell

adhesion strength to be weaker on soft substrates, which

led to a decrease in stress fibre formation (Park et al. 2011).

Together these studies suggest the following hypothesis: in-

tegrin binding allows MSCs to probe the stiffness of its sur-

rounding matrix and then cytoskeletal tension, generated

by NMM II, adapts to its surrounding substrate (Pelham &

Wang, 1997). These changes in cytoskeletal tension lead to

changes in a myriad of cell signalling cascades that control

cell behaviour. However, a study in 3D found that modulus-

driven differentiation of MSCs was independent of actin

polymerization, ROCK signalling and NMM II (Parekh et al.

2011).

Recent developments in materials science have enabled

the development of tuneable in vitro 3D model systems to

help further decouple the role of cell shape, substrate stiff-

ness and cytoskeletal tension in regulating MSC fate. In one

such study, MSCs were encapsulated in covalently cross-

linked 3D hydrogels with MMP-degradable peptides to

enable the development of cell-generated traction forces as

the hydrogels underwent controlled degradation (Khetan

et al. 2013). Cells in the degradable hydrogels were found

to be more spread, have more focal adhesions and cytoskel-

etal assemblies, and express more osteogenic markers, while

cells in non-degradable hydrogels (irrespective of their stiff-

ness) were found to be more rounded, have less focal adhe-

sions and cytoskeletal assemblies, and express more
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adipogenic markers, suggesting that cell-mediated traction

forces are important in guiding MSC differentiation

(Khetan et al. 2013). In order to decouple cell shape from

the effects of matrix degradation, MSCs were seeded in a

degradable matrix, but then exposed to secondary crosslin-

kers after 1 week, arresting the degradation of the hydro-

gel while maintaining a spread morphology. These MSCs

displayed a switch from an osteogenic to adipogenic line-

age, indicating that cell–matrix interactions, and not cell

shape, drive fate decisions. Therefore, an appreciation of

cell–matrix interactions and traction-mediated forces is nec-

essary to improve current understanding of the mechano-

transduction of substrate-mediated mechanical cues

(Khetan et al. 2013).

Role of external mechanical signals

Multipotent stromal cells respond not only to the biological

and mechanical properties of the surrounding matrix, but

also to external mechanical signals such as fluid flow, HP,

and compressive and tensile loading (Table 2; Kelly &

Jacobs, 2010). The type, frequency, magnitude and duration

of such cues have all been shown to affect MSC differentia-

tion. The following subsections will examine the response

of MSCs to different forms of mechanical signals, and com-

ment on obvious differences or similarities in cellular

response to them.

Fluid flow

Oscillatory fluid flow (OFF) is known to be mechanically

induced in bones in vivo (Weinbaum et al. 1994), and has

been shown to regulate stem cell fate (Arnsdorf et al.

2009b). OFF has been shown to increase actin fibril density

and Rho and ROCK signalling, and to upregulate Runx2,

Sox9 and PPARc expression in murine C3H10T1/2 progenitor

cells (Arnsdorf et al. 2009b). With the addition of inhibitors

of ROCK, NMM II and actin polymerization there was no

pro-osteogenic response to fluid flow. With regards to adi-

pogenesis and chondrogenesis, however, inhibiting cytoskel-

etal tension was found to increase Sox9 and PPARc

expression, but abrogate any effects due to fluid flow

(Arnsdorf et al. 2009b). Overall, an intact, dynamic actin

cytoskeleton is needed to transduce OFF, which in turn influ-

ences multiple MSC lineage pathways. Other studies have

also demonstrated that fluid flow stimulation increases the

expression of osteogenic markers in adipose-derived MSCs

(Knippenberg et al. 2005) and bone marrow-derived MSCs

(Li et al. 2004; Riddle et al. 2006). OFF has been shown to

increase intracellular calcium ions and activate mitogen-

activated protein (MAP) kinases [specifically extracellular

signal-regulated kinase (ERK) 1/2; Li et al. 2004; Riddle et al.

2006], which have been shown to influence MSC differentia-

tion (Hardingham & Bading, 1999; Jaiswal et al. 2000). In

addition, fluid flow has also been found to promote

cardiomyogenic differentiation of bone marrow-derived

MSCs (Huang et al. 2010). A mounting body of work also

exists pointing to a key role for the primary cilia in the me-

chanotransduction of OFF (Hoey et al. 2011, 2012b).

A number of studies have also explored how fluid flow

regulates MSC fate within 3D constructs. Perfusion systems

have consistently been found to promote osteogenesis

of MSCs (Bancroft et al. 2002; Datta et al. 2006). The

effect of different types of fluid flow on osteogenesis in a

variety of scaffolds has been summarized previously (Meinel

et al. 2004). Oftentimes, perfusion flow not only induces

mechanical stress across the cell but also increases nutrient

and gas transfer through the gel, making interpretation of

the results difficult. Computational modelling has also

begun to be utilized to investigate the complex relation-

ships between fluid flow, the cell, and the surrounding

matrix or substrate (Prendergast et al. 1997; McMahon

et al. 2007; Zhao et al. 2007; Jungreuthmayer et al. 2008,

2009; Olivares et al. 2009; Sandino & Lacroix, 2011).

Hydrostatic Pressure

Hydrostatic pressure (HP) has been implicated as a key regu-

lator of MSC differentiation. Numerous studies have demon-

strated that cyclic HP leads to increases in chondrogenic

gene expression (Sox9, aggrecan, collagen type II) and/or

proteoglycan and collagen synthesis in MSCs (Angele et al.

2003; Elder et al. 2005; Miyanishi et al. 2006a,b; Luo & Seed-

hom, 2007; Wagner et al. 2008; Li et al. 2009; Ogawa et al.

2009; Meyer et al. 2011; Liu et al. 2012, 2014; Steward et al.

2012, 2013; Vinardell et al. 2012). In contrast, other studies

have demonstrated that HP has no significant effect on

chondrogenesis of MSCs (Finger et al. 2007; Zeiter et al.

2009), whichmight be explained, at least in part, by the find-

ing that the response to HP may depend on the material

within which the cells are encapsulated (Elder et al. 2006;

Steward et al. 2012). Therefore, cell–substrate interactions

may determine the response of MSCs to extrinsic mechanical

cues such as HP and ultimately determine their fate.

Hydrostatic pressure is a non-deforming mechanical stim-

ulus, which makes putative mechanotransduction pathways

less obvious than other loading regimes. Similar to OFF,

changes in intracellular calcium concentrations have been

suggested as a possible mechanotransductive cue for chon-

drocytes subjected to HP (Wright et al. 1992; Browning

et al. 1999, 2004; Hall, 1999; Mizuno, 2005). In chondro-

cytes, static HP inhibits the Na/K and Na/K/2Cl pump (Hall,

1999), but enhances Na/H exchange (Browning et al. 1999).

Also, 30 s of static HP has been shown to triple intracellular

calcium concentration in chondrocytes (Browning et al.

2004), mainly by promoting release from intracellular cal-

cium stores (Browning et al. 2004; Mizuno, 2005). Addition

of gadolinium was also found to inhibit the increase in

intracellular calcium inMSCs, indicating stretch-activated ion

channels as a pathway for calcium influx and subsequent
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Table 2 Effects of extrinsic mechanical cues on MSC differentiation.

Study Cell source Culture conditions Loading conditions Key findings

Fluid flow

Bancroft et al.

(2002)

Rat marrow 3D Ti mesh Perfusion @ 0.3–3 mL min�2,

16 day

Increased calcium content and

matrix distribution

Li et al. (2004) Human marrow 2D Glass slide Parallel plate, 2 h, 1 Hz, peak

shear of 10 dyn cm�2

Increased osteopontin and

osteocalcin mRNA, no change in

Col 1 and CBF-1 mRNA

Knippenberg

et al. (2005)

Goat adipose 2D Glass slide Parallel plate, 1 h, 5 Hz, mean

shear of 0.6 Pa

Increased NO and COX-2,

decreased ALP, no change in

osteopontin or Col 1 mrNA

Datta et al. (2006) Rat marrrow 3D Ti or Ti/ECM mesh Perfusion @ 1 mL min�1,

16 day

Larger increase in mineralization

in Ti/ECM

Riddle et al. (2006) Human marrow 2D Glass slide Parallel plate, ≤ 120 min, 1 Hz,

shears of 5–20 dyn cm�2

Increased ERK 1/2 activation and

calcineurin activity

Arnsdorf et al.

(2009b)

C3H/10T1/2 2D Fibronectin-coated

glass slide

Parallel plate, 1 h, 1 Hz, peak

shear of 10 dyn cm�2

Increased Runx2, Sox9 and

PPARc, RhoA and ROCKII

regulates OFF-induced

osteogenesis

Huang et al. (2010) Rat marrow 2D Glass slide Parallel plate, 24 h, shears of

5–20 dyn cm�2

Increased cardiomyogenic mRNA

and protein markers

Hydrostatic Pressure

Angele et al.

(2003)

Human marrow Aggregate 4 h day�1, 1–7 day, 1 Hz,

5.03 MPa

Increased proteoglycan and

collagen content

Elder et al. (2005) C3H/10T1/2 Aggregate 1800 or 7200 cycles day�1,

3 day, 1 Hz, 5 MPa (10 min

on, 10 min off)

1800 cycles: no differences

7200 cycles: increased sGAG

content and collagen synthesis

Miyanishi et al.

(2006a)

Human marrow Pellet 4 h day�1, 3–14 day, 1 Hz,

10 MPa

Increased Sox9, Col II and Agc

mRNA; Col II and Agc matrix

synthesis

Miyanishi et al.

(2006b)

Human marrow Pellet 4 h day�1, 3–14 day, 1 Hz,

0.1–10 MPa

Increased Sox9, Agc, Col II mRNA;

dose/time-dependent increase in

sGAG and collagen synthesis

Finger et al. (2007) Human marrow 2% Agarose 4 h day�1, 14 day, 1 Hz,

7.5 MPa

Increased Sox9 mRNA, no change

in Col II and Agc mRNA, time-

dependent increase in Col I

Luo & Seedhom

(2007)

Ovine marrow Polyester 30 min day�1, 10 day,

0.25 Hz, 0.1 MPa

Increased sGAG and collagen

content

Wagner et al.

(2008)

Human marrow Collagen I Sponge 4 h day�1, 10 day, 1 Hz,

1 MPa

Increased proteoglycan content

and Sox9, Agc and Col II mRNa;

no change in Runx2 or TGF-b1

mRNA

Li et al. (2009) Rat marrow 1.5% Alginate 1 h day�1, 7 day, 0.25 Hz,

36 kPa

Increased Sox9, Runx2, Ihh, Agc

and Col II mRNA

Ogawa et al. (2009) Human adipose Collagen I Sponge 1 week, 0.5 Hz, 0.5 MPa Increased Sox9, Agc, Col II and

Col X mRNA,

Zeiter et al. (2009) Bovine marrow Aggregate 3 h day�1,14 day, 1 Hz, 3 MPa No change in Sox9, Agc, Col I,

Col II mRNA or sGAG synthesis

Meyer et al. (2011) Porcine marrow 2% Agarose 1 h day�1, 42 day, 1 Hz,

10 MPa

Increased sGAG and collagen

content in donor-dependent

manner

Steward et al.

(2012)

Porcine marrow 2% Agarose or fibrin 4 h day�1, 21 day, 1 Hz,

10 MPa

Increase in sGAG synthesis in

fibrin gels only

Vinardell et al.

(2012)

Porcine synovial

membrane

and fat pad

Pellet 4 h day�1, 14 day, 1 Hz,

10 MPa

Increased Sox9 mRNA @

1 ng mL�1 TGF-b3 but

not at 10 ng mL�1; decreased

Ihh and Col X in synovial

membrane cells

© 2014 Anatomical Society
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Table 2. (continued)

Study Cell source Culture conditions Loading conditions Key findings

Steward et al.

(2013)

Porcine marrow 1 or 4% Agarose 4 h day�1, 21 day, 1 Hz,

10 MPa

Increased sGAG synthesis, Sox9,

Agc, Col II mRNA and vimentin

organization in 4% gels only

Carroll et al. (2014) Porcine marrow

and fat pad

2% Agarose 4 h day�1, 35 day, 1 Hz,

10 MPa

Increased sGAG synthesis in both

cell types, suppressed

mineralization in bone marrow

Compression

Takahashi et al.

(1998)

Limb bud Collagen gel 20–30% strain Increased Sox9, Agc and Col II

mRNA; suppressed IL-1b

Huang et al. (2004) Rabbit marrow 2% Agarose 4 h day�1, 14 day, 1 Hz, 10%

strain

Increased Agc, Col II and TGF-b1

mRNA

Campbell et al.

(2006)

Human marrow 3% Alginate 1.5 h on/4.5 h off, 8 day,

1 Hz, 15% strain

Increased Sox9, Agc, Col II and

Col X mRNA; complex interplay

between DC and TGF-b1

supplementation

Mauck et al. (2006) Bovine marrow 2% Agarose 3 h day�1, 5 day, 1 Hz,

10% strain

Increased Agc mRNA and sGAG

synthesis

Mouw et al. (2007) Bovine marrow 3% Agarose 3 h day�1, on day 8 or 16,

1 Hz, 10% strain

Increased sGAG synthesis, and

Agc, Col I and Col II mRNA on

day 16; stronger with addition

of TGF-b1

Thorpe et al.

(2008)

Porcine marrow 2% Agarose 1 h day�1, 42 day, 0.5 Hz,

10% strain

Decreased, sGAG and Col II

synthesis

Kisiday et al.

(2009)

Equine marrow 2% Agarose 45 min on/45 min off day�1,

15 or 21 day, 0.3 Hz, 7.5–

10% strain

DC w/o TGF-b1 increased sGAG

synthesis, DC w/TGF-b1

decreased sGAG synthesis

Pelaez et al. (2009) Human marrow Fibrin gels

Kupcsik et al.

(2010)

Human marrow Fibrin-polyurethane

gels

1 h day�1, 7 day, 1 Hz,

10–20% strain

Increased sGAG synthesis and

Agc, Col II, Col X, TGFB1 and

TGFB3 mRNA; effects stronger at

lower TGF-b1 concentrations

Li et al. (2010a) Human marrow Fibrin-polyurethane

gels

1 h day�1, 7 day, 1 Hz,

10–20% strain

Increased sGAG, TGF-b1 and

TGF-b3 synthesis, and Agc, Col II

and Col X mRNA; effects

stronger at lower TGF-b1

concentrations

Li et al. (2010b) Human marrow Fibrin-polyurethane

gels

1 h day�1, 7 day, 0.1 or 1 Hz,

10–15, 20 or 30% strain

Higher frequency and

amplitude = increased sGAG

synthesis and chondrogenic

gene expression

Haugh et al.

(2011b)

Porcine marrow 2% Agaorse 1 h day�1, on day 7, 14 or 21,

1 Hz, 10% strain

Increased Agc, Col I and Col II

mRNA in temporal and spatial-

dependent manner

Thorpe et al.

(2012)

Porcine marrow 2% Agarose or fibrin 3 h day�1, 1 Hz, 21 or 42 days Day 21: decreased markers of

chondro/myogenesis in both gels

Day 42: increased chondrogenic

markers in fibrin gels

Steward et al. (2014) Porcine marrow 1% or 4% Agarose 1 h day�1, on day 7, 14 or 21,

1 Hz, 10% strain

Increased Sox9, Agc and Col II in

4% gels relative to 1%;

inhibition of integrins

abrogated this response

Tension

Sumanasinghe

et al. (2006)

Human marrow Collagen matrix 4 h day�1, 7 or 14 day, 1 Hz,

0,10, or 12% strain

Increased BMP-2 mRNA when

exposed to 10% (day 7/day 14)

and 12% strain (day 14)

© 2014 Anatomical Society
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calcium-induced calcium release (Mizuno, 2005). However,

less is known about the role of calcium signalling in the me-

chanotransduction of HP in MSCs.

Hydrostatic pressure has also been shown to effect com-

ponents of the cytoskeleton (Bourns et al. 1988; Parkkinen

et al. 1995; Jortikka et al. 2000; Shim et al. 2008). High-

magnitude static HP was observed to inhibit microtubule

and actin fibre formation in epithelial cells, leading to cell

rounding (Bourns et al. 1988). Disruption of microtubules

was correlated with a decrease in matrix synthesis in chon-

drocytes in response to high-magnitude static HP; however,

intact, dynamic microtubules were needed for mechano-

transduction of cyclic HP by chondrocytes (Jortikka et al.

2000). When comparing the response of MSCs seeded in

either agarose (spherical MSC morphology) or fibrin (spread

MSC morphology with clear stress fibre formation) hydro-

gels to the application of HP, it was demonstrated that

while agarose provided a stronger pro-chondrogenic envi-

ronment, a more robust response to the application of HP

was observed in fibrin hydrogels (Steward et al. 2012). In a

subsequent study, MSCs were seeded in either soft or stiff

agarose hydrogels. The pericellular matrix, cytoskeletal

organization and focal adhesion formation were observed

to be altered in the stiff gels relative to the soft gels, with

MSCs in the soft gels exhibiting a stronger chondrogenic

phenotype, but with a pro-chondrogenic response to the

application of HP only observed in the stiffer gels (Fig. 2A;

Steward et al. 2013). Together, this suggests that while cell

attachment and stress fibre formation may decrease chon-

drogenesis, they are required for the mechanotransduction

of HP in MSCs (Steward et al. 2012, 2013). Pharmacological

inhibition of actin and microtubule polymerization has sep-

arately been shown not to abrogate the pressure-

stimulated increases in chondrogenic gene expression (Shim

et al. 2008); however, HP has been found to alter vimentin

organization, suggesting a novel role for intermediate fila-

ments in the mechanotransduction of HP (Steward et al.

2013). Recently, decoupling vimentin from focal adhesions

Table 2. (continued)

Study Cell source Culture conditions Loading conditions Key findings

Ward et al. (2007) Human marrow Collagen matrix 3–5% strain Increased mineralization,

osteogenic mRNA, ERK1/2

activation; decreased

chondrogenic, adipogenic,

neurogenic expression

McMahon et al.

(2007)

Rat marrow Col-GAG scaffold 7 day, 1 Hz, 10% strain Increased sGAG synthesis rate

Byrne et al. (2008) Rat marrow Col-GAG scaffold 4 h day�1, day 5–7, 1 Hz,

5% styrain

Increased osteopontin mRNA

McMahon et al.

(2008)

Rat marrow Col-GAG scaffold 7 day, 1 Hz, 10% strain Increased sGAG synthesis rate;

dependent on stretch-activated

calcium channels

Qi et al. (2008) Rat marrow Plastic strip 40 min, 0.5 Hz, 2000 le Increased ALP activity, and Cbfa1

and Ets-1 mRNA

Hanson et al.

(2009)

Human adipose Col-coated

BioFlexTM dish

4 h day�1, 14 day, 1 Hz,

10% strain

Increased amount and rate of

calcium deposition

Haudenschild

et al. (2009)

Human marrow 2% Alginate 24 h, 0.2 Hz, 10% strain Increased osteogenic gene

expression and decreased

chondrogenic gene expresson

Sumanasinghe

et al. (2009)

Human marrow Collagen matrix 4 h day�1, 7 or 14 day, 1 Hz,

0, 10 or 12% strain

Increased IL-6 and IL-8 expression

in 10/12% strain

Kearney et al.

(2010)

Rat marrow Col-coated silicone 14 day, 0.17 Hz, 2.5% strain Increased Cbfa1, Col I,

osteocalcin, BMP2 mRNA;

stretch-activated ion channels

needed for Col I increase; ERK,

p38 and PI3 needed for BMP

increase

Jang et al. (2011) Rabbit marrow Silicone wafer 3 day, 0.26 Hz, 3 and 10%

strain

Increased ALP and a-SMA

Rui et al. (2011) Rat tendon Col-coated silicone 0.5 Hz, 0, 4 or 8% strain Increased BMP-2 expression and

mRNA, ALP activity and calcium

deposition

DC, dynamic compression; ECM, extracellular matrix; ERK, extracellular signal-regulated kinase; HP, hydrostatic pressure; RhoA, RhoA

GTPase; ROCK, Rho kinase; TGF, transforming growth factor.
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in fibroblasts was found to attenuate the activity of FAK

and its downstream targets (Gregor et al. 2014). Therefore,

investigating vimentin and its interactions with focal adhe-

sions may elucidate further insights into the mechanotrans-

duction of HP by MSCs.

Endochondral ossification is the process by which carti-

lage is calcified and turns into bone. Understanding how

joint-specific factors, such as mechanical cues like cyclic HP,

regulate the endochondral phenotype will be central to

realising the potential of stem cell-based therapies for artic-

ular cartilage repair (Sheehy et al. 2012). HP has been found

to increase chondrogenic gene expression while having no

significant effect on osteogenic genes (Wagner et al. 2008).

There is also strong evidence to suggest that HP regulates

the hypertrophy and endochondral ossification of chondro-

genically primed MSCs. HP has been found to decrease the

hypertrophic markers Indian Hedgehog (Ihh) and collagen

type X in synovial-derived MSCs in pellet culture, and to

reduce alkaline phosphatase activity in bone marrow-

derived MSCs embedded in agarose hydrogels (Steward

et al. 2012; Vinardell et al. 2012). Subsequently, HP was also

found to decrease calcification of bone marrow-derived

MSCs in long-term agarose culture (Carroll et al. 2014).

Compression

Similar to HP, direct compression of MSCs encapsulated in

3D hydrogels has been found to be a strong pro-chondro-

genic stimulus (Huang et al. 2004). Dynamic compression

(DC) has been shown to increase chondrogenic gene expres-

sion in MSCs in the absence of exogenous growth factor

stimulation, suggesting that compression alone is sufficient

to induce chondrogenesis (Takahashi et al. 1998; Campbell

et al. 2006; Mauck et al. 2006; Kisiday et al. 2009; Pelaez

et al. 2009; Kupcsik et al. 2010; Li et al. 2010a). Further, it

has been found that compression increases TGF-b1

gene expression, suggesting that compression and exoge-

nous TGF-b stimulation activate similar pathways (Huang

et al. 2004). There is some uncertainty as to the impact of

simultaneously stimulating MSCs with both soluble TGF-b

and DC. Both the application of TGF-b3 and DC have been

found to increase chondrogenesis; however, some studies

have demonstrated that the simultaneous application of

TGF-b3 and mechanical stimulation inhibits chondrogenesis

[19 139]. Delaying the application of DC (i.e. initiating load-

ing after prolonged exposure to TGF-b) has been shown to

enhance chondrogenesis of MSCs (Mouw et al. 2007; Li

et al. 2010b; Thorpe et al. 2010; Haugh et al. 2011a).

Cell–matrix interactions are also important in determining

the response of MSCs to extrinsic mechanical cues such as

DC. When maintained in free swelling conditions and stim-

ulated with TGF-b3, MSCs seeded into fibrin hydrogels

appeared to differentiate along a myogenic pathway in

long-term culture. The application of DC to these MSC-

seeded fibrin hydrogels led to an increase in chondrogene-

sis and a suppression of myogenesis (Fig. 2B; Thorpe et al.

2012). In another recent study, MSCs were seeded into

either ‘soft’ or ‘stiff’ hydrogels that differentially support

pericellular matrix formation. MSCs seeded in the stiffer hy-

drogels displayed a more pro-chondrogenic response to the

application of DC compared with those seeded in softer hy-

drogels (Steward et al. 2014). Furthermore, inhibition of in-

tegrin binding suppressed the beneficial response to DC in

the stiff hydrogels (Steward et al. 2014). Overall, differences

in scaffold type, cell type and loading regime (Maul et al.

2011) could all help to explain differences in these results;

however, formation of a pericellular matrix seems to be an

important factor in determining MSC response to DC.

Tension

Tensile strain has been shown to enhance the expression of

ligamentous/fibrogenic (Altman et al. 2002; Baker et al.

2011; Subramony et al. 2013), osteogenic (Sumanasinghe

et al. 2006; Ward et al. 2007; Byrne et al. 2008; Qi et al.

2008; Hanson et al. 2009; Kearney et al. 2010; Rui et al.

2011) and chondrogenic (McMahon et al. 2007, 2008)

markers in MSCs. Applying cyclic tensile strain to MSCs has

A B

Fig. 2 (A) Matrix stiffness alters the

pericellular matrix and subsequently the

chondrogenic response of MSCs to HP

(Steward et al. 2013). Reproduced with kind

permission from eCM journal (www.

ecmjournal.org). (B) DC can override local

substrate cues to switch MSCs from a

myogenic to chondrogenic state (FS = free

swelling; Thorpe et al. 2012). Reproduced

with kind permission from Elsevier.
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been shown to promote endogenous BMP-2 expression,

osteogenic gene expression and calcium deposition

(Sumanasinghe et al. 2006; Byrne et al. 2008; Qi et al. 2008;

Hanson et al. 2009; Rui et al. 2011). Similar to OFF, the MAP

kinase pathway was found to be upregulated in MSCs

exposed to cyclic tensile strain, suggesting it as an impor-

tant mechanotransductive pathway in osteogenic differen-

tiation (Ward et al. 2007). Another study found ERK and

p38 to be involved in mechanotransduction of cyclic ten-

sion, and further implicated stretch-activated cation chan-

nels in mediating increases in collagen I gene expression in

response to tension (Kearney et al. 2010). In a study directly

comparing cyclic compression and tension, tension was

found to regulate many osteogenic and fibroblastic genes,

while compression enhanced many chondrogenic-related

genes. Dynamic tension was found to upregulate b-catenin

(Haudenschild et al. 2009), which stabilizes cell–cell interac-

tions and is known to inhibit chondrogenesis (Lee et al.

2000; Hwang et al. 2005), therefore implicating cell–cell

interactions as key regulators of the osteogenic response of

MSCs to dynamic tension. However, MSCs seeded in colla-

gen-GAG scaffolds that underwent cyclic tensile strain syn-

thesized more proteoglycans than constrained unstrained

controls, implying that the application of tensile stimuli

can also lead to a pro-chondrogenic response (McMahon

et al. 2007, 2008). In addition, the magnitude of cyclic ten-

sion may regulate MSC fate decisions, with myogenesis

favoured at high tensile strains while low tensile strains

were more beneficial for osteogenesis of rabbit MSCs in

the absence of growth factors (Jang et al. 2011). Cyclic ten-

sile strain has also been shown to induce the expression of

proinflammatory cytokines known to inhibit bone resorp-

tion, suggesting that mechanical stimulation not only

induces osteogenesis but helps to maintain bone formation

(Sumanasinghe et al. 2009).

Mechanotransduction

There is clearly strong evidence that mechanical signals,

including substrate stiffness, cell shape, fluid flow, HP, com-

pression and tension are key regulators of MSC differentia-

tion. Understanding how MSCs sense and respond to these

signals is currently a highly researched area. MSCs have the

ability to take such ‘outside-in’ signals, transmit the signal

to the nucleus, and to then alter gene expression and pro-

tein activity. The response may alter the cells’ surrounding

matrix, therefore causing ‘inside-out’ signals. The cell mem-

brane and numerous intracellular components all play key

roles in this ‘outside-inside-out’ signalling, and will be

reviewed in more detail in the following sections.

Cell membrane components

Numerous cell membrane proteins have been implicated in

mechanotransduction, but this review will focus on ion

channels, integrins and cadherins. Other putative mechano-

sensors on the cell membrane, such as the primary cilia, are

reviewed in detail elsewhere (Hoey et al. 2012a). Briefly,

primary cilia are membrane-encased microtubular structures

present on nearly every cell in the body. They are thought

to act as ‘multifunctional antenna’ that sense both chemical

and mechanical signals (Singla & Reiter, 2006; Hoey et al.

2012a). Due to their dual functionality as both chemo- and

mechanosensors, the specific roles of primary cilia in

mechanotransduction are unclear. Further research is

needed in order to help decouple the chemosensing and

mechanical sensing capabilities of primary cilia in relation

to MSC differentiation.

Ionic concentrations within a cell control many cellular

functions; ions act as second messengers in many signalling

pathways, regulate osmosis and therefore cell volume, and

a variety of other homeostatic functions. The cellular mem-

brane is impermeable to most ions, and therefore ion chan-

nel proteins in the membrane are necessary for ion

transport into and out of the cell. Some of these ion chan-

nels have been found to either activate or deactivate in

response to mechanical stretch (Campbell et al. 2008). Ion

channels are very complex, and there is much in the litera-

ture describing the mechanotransductive capabilities of

stretch-activated ion channels (Naruse & Sokabe, 1993;

Wright et al. 1997; Martinac, 2004; Yoshimura & Sokabe,

2010). Stretch-activated ion channels have also been pro-

posed to transduce mechanical signals and effect the differ-

entiation of MSCs. Induction of stress fibre formation was

found to transmit a mechanical tension to the plasma mem-

brane and activate ion channels (Formigli et al. 2005). In a

follow-up study, inhibition of ROCK was found to signifi-

cantly decrease the sensitivity of the ion channels, suggest-

ing that Rho-dependent actin remodelling regulates ion

channel sensitivity (Formigli et al. 2007). Blocking of the ion

channels alone was also found to suppress myogenesis.

Together, these data imply that ion concentrations affect

myogenic differentiation of MSCs, and control of these con-

centrations is dependent on stress fibre-generated tension

and ion channel sensitivity (Formigli et al. 2007). Ion chan-

nels have also been shown to play an important role in the

mechanotransduction of extrinsic mechanical cues. Cyclic

tensile loading of MSCs has been shown to increase proteo-

glycan production, but this response was inhibited when

ion channel activity was blocked, further indicating ion

channels as important mechanotransducers in MSCs (McMa-

hon et al. 2008).

While mechanosensitive ion channels play important roles

in mechanotransduction, not all cellular responses to

mechanical stimuli require them (Malek & Izumo, 1996).

This suggests that other membrane proteins are also

involved in mechanotransduction. The primary linkage

between the extracellular environment and the interior of

the cell occurs through integrin molecules in the plasma

membrane (Hynes, 1992). Integrins are made up of a and
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b subunits, with the specific combination of the various

available a and b subunits determining the specific ligands

the integrin binds to (Van der Flier & Sonnenberg, 2001). A

single integrin can bind to a variety of ECM components,

and a single type of matrix component can be bound by a

variety of integrins (Hynes, 1992). Integrins themselves may

have little direct control of cellular behaviour, rather when

mechanical signals are transmitted to integrins from the

ECM, large protein complexes form that triggers signalling

cascades within the cell (Giancotti & Ruoslahti, 1999).

While integrins allow a cell to bind with the ECM, cadhe-

rins are one type of membrane protein that allows a cell to

bind with other cells. Cadherins are calcium-dependent

molecules that bind in a homophilic manner with cadherins

on other cells. Calcium is thought to induce a conforma-

tional change in cadherins that allow them to bind with

other cadherins (Takeichi, 1990). While cadherins bind to

other cadherins extracellularly, they also interact with the

actin cytoskeleton intracellularly. Cadherins anchor them-

selves intracellularly by forming complexes with catenins,

which are known to bind with the cytoskeleton (Aberle

et al. 1996). b-Catenin specifically is known to be also

involved in other signalling pathways (Nelson & Nusse,

2004). For example, it has been suggested that OFF acts to

disassemble cadherin–catenin complexes, allowing b-cate-

nin to act as a signalling molecule that leads to an increased

osteogenic response in MSCs (Arnsdorf et al. 2009a). Cellu-

lar condensation of MSCs during development through

cadherin binding is required for chondrogenic differentia-

tion to occur (DeLise et al. 2000). Also, N-cadherins, a sub-

class of cadherins, have been shown to be necessary for

myogenesis of MSCs (Gao et al. 2010). Overall, cadherins

are critical regulators of stem cell lineage commitment and

also appear to play an important role in mechanotransduc-

tion.

Intracellular components

As mentioned previously, integrins are a link between the

extracellular and intracellular environment; extracellularly

integrins binds with the ECM, but intracellularly integrins

help to form large protein complexes known as focal adhe-

sions (Burridge et al. 1988). Focal adhesion proteins are

involved in numerous signalling pathways and are also an

anchorage site for the actin cytoskeleton (Geiger et al.

2001; Hynes, 2002; Zaidel-Bar et al. 2007; Ramage et al.

2009). They are composed of many structural proteins

including, but not limited to, b-subunits of integrins, vincu-

lin, talin and the actin cytoskeleton. The assembly of focal

adhesions helps to stabilize integrin binding, which in turn

can regulate cell shape, which (as previously discussed) is a

key regulator of MSC differentiation (McBeath et al. 2004).

Focal adhesion assemblies can also provide a platform for

numerous other proteins involved in signalling cascades to

bind and transmit signals to the nucleus (Clark & Brugge,

1995). Tyrosine kinases such as FAK and paxillin (Burridge

et al. 1992), serine-threonine kinases such as MAPK (Chen

et al. 1994), GTPases such as Rho (Hall, 1994), and intracellu-

lar calcium concentration (Juliano & Haskill, 1993; Kawano

et al. 2006; Riddle et al. 2006) are all activated by the for-

mation of focal adhesions, and they, along with their

downstream signals, have all been implicated in MSC differ-

entiation (McBeath et al. 2004; Lu et al. 2008; Pala et al.

2008; Kundu et al. 2009; Sen et al. 2011). As mentioned pre-

viously, the activity of such proteins is also affected by

extrinsic mechanical signalling. Clearly, formation of focal

adhesions, or lack thereof, plays a critical role in mechano-

transduction and regulation of MSC differentiation.

Focal adhesions, along with similar cell–cell junctions,

form platforms from which many downstream signalling

cascades take place, but the effect of each of these signals

can be extremely complex. In addition to their signalling

capabilities, focal adhesion proteins also act as actin–inte-

grin anchorage points for the cytoskeleton (Geiger et al.

2009). The cytoskeleton is comprised of filaments that pro-

vide structure and support to the cell. The cytoskeleton

actively generates isometric tension within the cell by an

actomyosin filament sliding mechanism similar to muscle

(Harris et al. 1980; Burridge, 1981). Therefore, cells are pre-

stressed, and because the cytoskeleton anchors at integrin-

binding sites, mechanical loads can be transferred through

the cell (Ingber, 1997). The tension generated by the cyto-

skeleton depends on substrate stiffness, ligand type and

density, and intracellular signals (Burridge & Chrzanowska-

Wodnicka, 1996). This cytoskeletal tension can also deter-

mine cell morphology and affect the activity of focal adhe-

sions and cell–cell junctions (Liu et al. 2010; Wolfenson

et al. 2011); therefore, the mechanical state of the cytoskel-

eton plays a prominent role in MSC differentiation (Woods

et al. 2007). RhoA and ROCK have been mentioned

frequently throughout this review as key signals during

mechanotransduction and differentiation. The main func-

tion of RhoA is to regulate focal adhesions and stress fibres

through downstream phosphorylation cascades that effects

myosin contractility (Chrzanowska-Wodnicka & Burridge,

1996). Although it is well established that RhoA affects focal

adhesions and stress fibres, and plays a key role in deter-

mining osteogenic–adipogenic fate decisions (McBeath

et al. 2004), the downstream effects of such factors on

other MSC differentiation pathways are less clear. For

instance, RhoA/ROCK signalling has been shown to both

enhance and inhibit chondrogenesis by regulating Sox9

expression depending upon the cell culture model used

(Woods et al. 2005; Woods & Beier, 2006).

Recently, there has been a growing interest in the nucleus

as a mechanosensor in of itself. When the nucleus deforms

it alters chromatin architecture, which in turn can directly

affect transcription (Dahl et al. 2008). Nuclei in MSCs have

been found to deform more than fibroblast nuclei in

response to both intrinsic and extrinsic mechanical signals;
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given that both cell types exhibit similar cytoskeletal archi-

tecture, this implys that differences in nuclear stiffness are

due to different differentiation states (Pajerowski et al.

2007; Nathan et al. 2011). The nucleus is known to interact

with actin and microtubules through binding proteins on

the nuclear envelope known collectively as the LINC (linker

of nucleus and cytoskeleton) complex (Crisp et al. 2006;

Dahl et al. 2008). These proteins then interact with lamins

inside the nucleus, which in turn provide support for several

nuclear proteins involved in DNA replication, transcription

and gene expression (Parnaik & Manju, 2006; Meaburn &

Misteli, 2007; Dahl et al. 2008). How forces are transmitted

from the matrix to the nucleus, and how such cues might

regulate MSC differentiation, is an area requiring further

research.

Future directions

The mechanical environment of MSCs is determined by the

stiffness, composition and configuration of the local ECM

and any extrinsic mechanical loading applied to this matrix.

MSCs have the ability to both sense and respond to their

mechanical environment, with numerous membrane pro-

teins, cytoskeletal components and the nucleus itself all act-

ing as putative mechanosensors in MSCs. The complex

interactions between these diverse actors have been heavily

researched, but are still not fully understood. Further

research is needed to elucidate how MSCs sense and

respond to the complex sets of mechanical stimuli they

experience in vivo during developmental processes, follow-

ing trauma or disease and in tissue regeneration.

This review has aimed to explain the response of MSCs

exposed to various isolated stimuli; however, in vivo MSCs

will be exposed to several cues simultaneously. While in vivo

observations have formed the basis for the hypothesis that

mechanical factors regulate the development and repair of

musculoskeletal tissues (Glucksmann, 1942; Estes et al. 2004;

Guilak et al. 2009; Kelly & Jacobs, 2010), the majority of

studies exploring the mechanobiology of MSCs have been

performed using in vitro systems. While such models have

improved our understanding for how MSCs respond to spe-

cific stimuli, the in vivo environment is inherently more

complex. Not only does an interplay between intrinsic and

extrinsic mechanical cues exist, but there is also an interplay

between the biophysical and biochemical environment to

consider. While isolating single variables has aided in deter-

mining and understanding several mechanotransductive

mechanisms, future research should focus on understanding

how MSCs sense and integrate complex arrays of biophysi-

cal and biochemical signals and respond accordingly. Com-

putational models are also gaining complexity and serve as

useful tools to investigate the interplay of several different

factors simultaneously and, furthermore, can potentially be

used to help better elucidate how various environmental

factors might regulate MSC fate in vivo (Burke & Kelly,

2012; Burke et al. 2013). Discovering how soluble signals

and the diverse mechanical cues interact to determine MSC

fate will ultimately help more translational efforts attempt-

ing to engineer complex tissues and organs for regenerative

medicine applications.
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