
Cell Stem Cell

Review
Control of Stem Cell Fate by Physical
Interactions with the Extracellular Matrix

Farshid Guilak,1,2,* Daniel M. Cohen,4 Bradley T. Estes,1,2 Jeffrey M. Gimble,5 Wolfgang Liedtke,3

and Christopher S. Chen4

1Department of Surgery
2Department of Biomedical Engineering
3Department of Medicine
Duke University Medical Center, Durham, NC 27710, USA
4Department of Bioengineering
University of Pennsylvania, Philadelphia, PA 19104, USA
5Stem Cell Laboratory, Pennington Biomedical Research Center, Louisiana State University System, Baton Rouge, LA 70808, USA
*Correspondence: guilak@duke.edu
DOI 10.1016/j.stem.2009.06.016

A diverse array of environmental factors contributes to the overall control of stem cell activity. In particular,
new data continue to mount on the influence of the extracellular matrix (ECM) on stem cell fate through
physical interactions with cells, such as the control of cell geometry, ECM geometry/topography at the nano-
scale, ECM mechanical properties, and the transmission of mechanical or other biophysical factors to the
cell. Here, we review some of the physical processes by which cues from the ECM can influence stem cell
fate, with particular relevance to the use of stem cells in tissue engineering and regenerative medicine.
Tissue engineering is a rapidly growing field that seeks to repair

or regenerate damaged or diseased tissues and organs through

the implantation of combinations of cells, scaffolds, and soluble

mediators (Atala, 2008; Vacanti and Langer, 1999). Inherent to

this approach is a need for readily available cell sources that,

under controlled conditions, can provide the appropriate func-

tion, i.e., synthesis of new tissues or paracrine factors. The

interest in both adult and embryonic stem cells in the fields of

tissue engineering and regenerative medicine has grown

tremendously in the past few years (e.g., Alhadlaq and Mao,

2004; Elisseeff et al., 2006; Kitsberg, 2007; Polak and Bishop,

2006). Recent progress in inducing pluripotency from differenti-

ated human cells into embryonic-like cells has only further inten-

sified the need to understand the therapeutic potential of stem

cells (Takahashi and Yamanaka, 2006). Stem cells possess

critical properties that make them uniquely suited for certain

tissue engineering applications. For example, the number of

cells needed for certain cellular therapies may be a limiting

step for using primary tissue cells; thus, the ability of stem cells

to replicate in culture while retaining the ability to differentiate

into specific lineages can address this issue. Furthermore, the

decreased immunogenicity (Nauta and Fibbe, 2007) and poten-

tially ‘‘immunosuppressive’’ properties that have been described

in various adult stem cells (Caplan, 2007) may facilitate alloge-

neic transplantation, providing further advantages as a cell

source for regenerative medicine.

With the inherent plasticity and multilineage potential provided

by stem cells comes an increased need for regulating cell differ-

entiation, growth, and phenotypic expression. Classically, the

control of stem cell fate, either in vivo or in vitro, has been attrib-

uted principally to genetic and molecular mediators (e.g., growth

factors, transcription factors). However, increasing evidence has

revealed that a diverse array of additional environmental factors

contribute to the overall control of stem cell activity. In particular,

fascinating data continues to mount on the important influence
of the ‘‘solid-state’’ environment, i.e., the extracellular matrix

(ECM), has on stem cell fate, with particular emphasis on the

interactions of ECM ligands with cell surface receptors (Daley

et al., 2008). However, it is now clear that ECM-based control

of the cell may also occur through multiple physical mechanisms,

such as ECM geometry at the micro- and nanoscale, ECM elas-

ticity, or mechanical signals transmitted from the ECM to the

cells. An improved understanding of the interaction of these

mediators with classical signaling pathways may provide new

insights into the regulation of self-renewal and differentiation of

stem cells. The ability to better engineer artificial ECMs that can

control cell behavior, through physical as well as molecular inter-

actions may further extend our capabilities in engineering tissue

substitutes from adult or embryonic stem cells (Metallo et al.,

2007). It is important to note that the majority of studies investi-

gating the influence of physical factors on stem cells have

focused on adult stem cell populations such as mesenchymal

stem cells (MSCs) or other connective tissue stem cells. These

cell types generally represent a heterogeneous population with

reduced plasticity in comparison to embryonic or hematopoietic

stem cells (Bianco et al., 2008). In the interpretation of these find-

ings, it is relevant to note that the responses of MSC populations

may reflect culture conditions that select for preexisting subpop-

ulations of cells rather than necessarily exhibiting a direct regula-

tory effect on cell fate. Nonetheless, the restricted lineage poten-

tial and ease of accessibility of MSCs has made them an

attractive choice as a cell source for tissue engineering and

regenerative medicine, and despite not knowing the exact mech-

anism(s) involved, it is clear that physical factors can have a signif-

icant influence on the overall behavior of MSC populations.

Cell Shape As a Regulator of Stem Cell Fate
Cell shape is a potent regulator of cell growth and physiology

(Folkman and Moscona, 1978), and many events related to

embryonic development and stem cell differentiation are
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influenced by cell shape. For example, changes in cell shape

have been implicated as a potential mechanism that regulates

myocardial development (Manasek et al., 1972), while the

growth and differentiation of capillary endothelial cells are in

part regulated by ECM-induced changes in cell shape (Ingber,

1991). Extending this mechanism to stem cells, a number of

studies have shown that stem cell fate can be influenced artifi-

cially through control of their shape by artificial extracellular

matrices. In addition to physical control of shape, some subsets

of these effects may result from altered adhesive interactions

between the cell and substrate, although many studies have

controlled for such effects. That is, the interactions between

many extrinsic and intrinsic factors that influence cell shape

are varied and complex and may involve relatively long-term

interactions with the cellular microenvironment, as well as

more acute changes due to physical factors such as mechanical

or osmotic stress (Guilak et al., 1995; Ingber, 2004; Lecuit and

Lenne, 2007; McBride and Knothe Tate, 2008) (Figure 1). The

effects of cell shape on cellular signaling appear to extend well

beyond its influence on adhesion signaling alone (Meyers et al.,

2006; Neves et al., 2008).

Some of the simplest examples of the influence of cell shape

on differentiation have emerged from the development of

three-dimensional culture systems, which generally induce

a more rounded, spheroidal cell morphology in comparison to

standard two-dimensional culture systems. For example, growth

of chondrocytes in flattened shape in 2D culture leads to ‘‘dedif-

ferentiation’’ and a shift from a chondrocytic phenotype to

a more fibroblastic phenotype (Holtzer et al., 1960), while the

retention of chondrocytes in a 3D shape using pellet culture

(Abbott and Holtzer, 1966) or by encapsulation in a gel such as

agarose or alginate retains their normal phenotype (Benya and

Shaffer, 1982). Interestingly, the restoration of chondrocyte

shape to a rounded morphology by chemical alteration of the

actin cytoskeleton also partially restores some of the phenotypic

changes (Newman and Watt, 1988; Zanetti and Solursh, 1984). In

this light, a number of studies have shown that the differentiation

of adult or embryonic stem cells into a chondrocytic phenotype

Figure 1. Transduction of Mechanical Factors and the Regulation
of Stem Cell Fate
During development and through life, stem cells may be exposed to a variety of
physical signals, including tensile, compressive, shear, osmotic, and fluid
stresses, often arising secondarily to biomechanical interactions with their
ECM. For example, tension of the ECM can induce stretch of the cytoskeleton
and nucleus through focal adhesions, while compression of the ECM can
significantly alter local charge density and ion concentrations, potentially acti-
vating osmotically sensitive ion channels. Previous studies have shown that
these mechanical stimuli individually can strongly influence stem cell growth
and differentiation in vivo and in vitro.
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requires a rounded cell shape, either through pellet (e.g., micro-

mass) culture, or through the use of gel-based artificial encapsu-

lation systems (Erickson et al., 2002; Hoben et al., 2008; John-

stone et al., 1998). Indeed, direct comparisons of cell and

nuclear shape of bone-marrow-derived MSCs showed that

a more rounded nuclear shape was associated with the greatest

expression of molecular markers associated with chondrogene-

sis (McBride and Knothe Tate, 2008). Similarly, adipose-derived

stem cells exhibit chondrogenic differentiation within agarose or

alginate gel scaffolds, which maintain a spheroidal cell shape.

However, under the same medium conditions, the use of fibrin

or gelatin as a scaffold, which have similar bulk properties but

allow cell attachment and a spread shape in three dimensions,

results in a fibrochondrogenic phenotype (Awad et al., 2004).

Similarly, murine embryonic stem cell-derived embryoid bodies

maintained in three-dimensional culture in poly(ethylene

glycol)-based hydrogels showed significant upregulation of

cartilage-relevant markers, as compared to a monolayer culture

system (Hwang et al., 2006a).

Furthermore, in such artificial systems, the influence of a three-

dimensional cell shape can be further modified by the presence

of transforming growth factor beta 1 (TGF-b1) (Hwang et al.,

2006a) or interactions between cell surface receptors and ECM

molecules (Hwang et al., 2006b). For example, human embryonic

stem cell-derived cells maintained in three-dimensional culture

in arginine-glycine-aspartate-modified hydrogels show signifi-

cantly greater cartilage-specific gene upregulation and ECM

production than in pellet culture or unmodified poly(ethylene

glycol) gels (Hwang et al., 2007). Recent studies have also

demonstrated a novel method by which the shape of human

MSCs can be dynamically modified in such hydrogels by creating

photodegradable poly(ethylene glycol)-based scaffolds (Kloxin

et al., 2009). MSCs encapsulated within a densely cross-linked

gel exhibited a rounded morphology but could be induced to

a spread shape by reducing the cross-linking density of the gel

via photodegradation, allowing controlled temporal changes of

the physical interactions between the cells and hydrogel.

The mechanisms by which cell shape influences stem cell fate

has been further explored using novel techniques that allow

defined ‘‘micropatterns’’ of proteins to be deposited upon a

substrate, thereby precisely controlling the area of cell attach-

ment. On small ECM micropatterned islands, cells adopted

a poorly spread, rounded morphology, whereas cells adhered to

large ECM islands adopted flattened morphologies typical of 2D

cultures (Chen et al., 1998) (Figure 2). This shape change from

rounded to flattened morphologies profoundly alters the organiza-

tion of the actin cytoskeleton and the assembly of focal adhesions

(Chen et al., 2003). Importantly, this micropatterning approachhas

revealed that cell shape (i.e., rounded versus flattened morphol-

ogies) controls the lineage commitment of MSCs into an adipo-

genic or osteoblastic phenotype (McBeath et al., 2004) (Figure 2).

The complete mechanisms involved in this response remain to be

determined, but inhibition of Rho prevented these effects, sug-

gesting that changes in the F-actin cytoskeletal architecture,

modulatedbyRho/Rock pathways, were involved in the response.

These findings are supported by studies showing significant

changes in the F-actin cytoskeleton and cellular mechanical

properties during differentiation of MSCs into chondrocytes or

osteoblasts (Titushkin and Cho, 2007; Yourek et al., 2007).
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ECM Stiffness as a Regulator of Stem Cell Fate
In addition to the influence that an artificial ECM may have on

cell shape, there is significant evidence that other physical

properties of the ECM may also contribute to stem cell fate or

lineage commitment. Cells that attach to a substrate have

been shown to exert contractile forces, resulting in tensile

stresses in the cytoskeleton (Ingber, 2004). Interestingly, the

relationship between these forces and the mechanical stiffness,

or elasticity, of the ECM can have a major influence on cell

behaviors such as migration (Guo et al., 2006; Pelham and

Wang, 1997), apoptosis (Wang et al., 2000), and proliferation

(Hadjipanayi et al., 2009).

Thus, it is not surprising that ECM stiffness can also influence

cell differentiation. Early evidence for this phenomenon was

observed in studies showing qualitatively that mouse mammary

epithelial cells showed increased differentiation when grown on

soft collagen gel substrates, as opposed to tissue culture plastic

(Emerman et al., 1979). In other studies, the tubulogenesis of

human umbilical vein endothelial cells was shown to depend

on the mechanical properties of their substrate. Cells grown on

soft matrigel or on matrigel copolymerized with heat-denatured

collagen exhibited reduced expression of actin and focal-adhe-

sion plaque as compared to cells remaining in a monolayer

Figure 2. Control of Cell Shape through Microcontact Printing
Controls Differentiation of MSCs
Top: Polydimethylsiloxane (PDMS) stamps with micron-sized features are
coated with fibronectin or other ECM proteins. Fibronectin is transferred
from the raised features on the stamp to a PDMS-coated glass coverslip
substrate via microcontact printing. Gaps between fibronectin islands are
passivated to prevent cell adhesion by adsorption of the nonadhesive, Plur-
onic F127. By controlling the size of the islands where cells can attach, their
shape can be predefined. Phase images (courtesy of R. Desai) of cells
patterned on 50 3 50 or 25 3 25 mm2 islands. Bottom: Human MSCs that
were allowed to adhere, flatten, and spread underwent osteogenesis. While
unspread, round cells underwent adipogenesis. This switch in lineage commit-
ment was regulated by cell shape through the modulation of endogenous
RhoA activity (data from McBeath et al., 2004).
pattern on rigid matrigel coat or on matrigel copolymerized

with type I collagen (Deroanne et al., 2001). However, it is impor-

tant to note that in these studies, the influence of different ligand

densities could not be easily separated from the effects of matrix

elasticity (Deroanne et al., 2001; Emerman et al., 1979). In other

cell types, myoblasts were cultured on collagen strips attached

to glass or polymer gels of differing mechanical stiffnesses.

While the fusion of myoblasts into myotubes was found to be

independent of substrate stiffness, the development of actin/

myosin striations occurred only on gels that had properties

similar to those of normal muscle (Engler et al., 2004).

Following these principals, more recent studies have been

able to directly test the hypothesis that stem cell lineage specifi-

cation can be determined by the mechanical properties of the

ECM. MSCs grown on variably compliant polyacrylamide gel

were found to alter their properties in relation to the stiffness of

the substrate (i.e., stiffer substrates induced stiffer cells).

Furthermore, the stiffness of the substrate defined the differenti-

ation lineage of the MSC: soft substrates that mimic the mechan-

ical properties of brain tissue were found to be neurogenic,

substrates of intermediate stiffness that mimic muscle were

myogenic, and relatively stiff substrates with bone-like proper-

ties were found to be osteogenic (Engler et al., 2006). Similarly,

the effective stiffness of the underlying substrate has been

shown to regulate the differentiation of neural stem cells. Using

a synthetic, interfacial hydrogel culture system, adult neural

stem cells were grown on substrates varying in moduli between

10 and 10,000 Pa (Saha et al., 2008a). Cell spreading, self-

renewal, and differentiation were inhibited on soft substrates

(10 Pa), whereas these cells proliferated on substrates with

moduli of 100 Pa or greater and exhibited peak levels of

a neuronal marker, beta-tubulin III, on substrates that had the

approximate stiffness of brain tissue. Softer substrates (�100–

500 Pa) promoted neuronal differentiation, whereas stiffer

substrates (�1,000–10,000 Pa) led to glial differentiation.

In other studies, it was found that human MSCs could be kept

quiescent by growing them on polyacrylamide substrates that

mimicked the properties of marrow (Winer et al., 2009). MSCs

seeded sparsely on these gels stopped progression through

the cell cycle and could be induced to re-enter the cell cycle

when presented with a stiff substrate. These cells could also

be induced into adipogenic or osteogenic pathways when

cultured in the appropriate induction medium, suggesting that

a soft substrate mimicking the bone marrow niche can maintain

MSCs in a quiescent state while preserving their multilineage

potential. An important conclusion of this study was that

mechanical signals from the elasticity of the ECM may serve as

a critical factor in the bone marrow niche that allows the mainte-

nance of MSCs as a reservoir for a long period (Winer et al.,

2009). The ability to reproduce these properties in an artificial

ECM may provide a novel means of controlling stem cell fate

ex vivo (Dellatore et al., 2008; Ghosh and Ingber, 2007).

One caveat to these studies is the fact that multiple tissues

may have similar elasticities, and thus, it may not be possible

to define unique stem cell differentiation by a single set of

mechanical properties. This point further emphasizes the poten-

tial complexity of the interactions between intrinsic and extrinsic

properties of stem cells and their environment in determining

their fate (Watt and Hogan, 2000).
Cell Stem Cell 5, July 2, 2009 ª2009 Elsevier Inc. 19
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Regulation of Stem Cells by Nanotopography of the ECM
As discussed earlier, cell shape can be a potent regulator of

growth and differentiation. In addition to overt, macroscopic

changes in cell shape, cells have the ability to sense micro- and

even nanoscale geometric cues from their environment. Such

cues may represent differences in molecular conformation,

surface topography or roughness, fiber diameter, or other param-

eters. For example, neurite outgrowth from neurogenically differ-

entiated stem cells was significantly enhanced when grown

within inert but highly porous 3D polystyrene scaffolds, as

compared to traditional flat surfaces (Hayman et al., 2005).

Similar influences have been observed on cell alignment, where

the directional growth and differentiation of adult rat hippo-

campal progenitors cultured on micropatterned polystyrene

substrates chemically modified with laminin exhibited over 75%

alignment in the direction of the grooves (13 mm wide and 4 mm

high), as well as significantly increased expression of neuronal

markers (Recknor et al., 2006). These findings show that the 3D

topography of the substrate, in synergy with matrix composition

(laminin), can facilitate neuronal differentiation and neurite align-

ment. Interestingly, the ability of cells to recognize such architec-

tural cues extends to nanoscale topographical features. Human

MSCs grown on nanoscale grooves of 350 nm width showed

alignment of their cytoskeleton and nuclei of MSCs along the

grooves (Yim et al., 2007). A significant upregulation of neuronal

markers such as microtubule-associated protein 2 was observed

on these substrates as compared to unpatterned and micropat-

terned controls. While the combination of such nanotopographic

cues with biochemical cues such as retinoic acid further

enhanced neurogenesis, nanotopography showed a stronger

effect compared to retinoic acid alone on an unpatterned surface.

Figure 3. Influence of ECM Nanotopography on Stem Cells
The nanoscale geometry and size of the features of the ECM may have signif-
icant effects on a number of cell properties, such as attachment/adhesion,
migration, and proliferation, although the mechanisms responsible for these
effects are not well understood.
(A) Whereas changes in the feature size of the substrate on the scale of single
cells could impact adhesion by altering the degree of cell spreading (Figure 2),
varying features at the scale of individual adhesions may alter the clustering of
integrins and other cell-adhesion molecules. Altered clustering can influence
the number and distribution of focal adhesions and subsequently, the structure
of the cytoskeleton (Arnold et al., 2004). In turn, these factors may further influ-
ence cytoskeletal tension and the transmission and transduction of other
molecular and biomechanical signals.
(B) Differences in the size and structure (e.g., height) of nanotopographic
features may influence cell behavior through secondary effects, such as alter-
ations in the effective stiffness of the substrate (e.g., Discher et al., 2005; Saha
et al., 2008a).
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Neuronal progenitor cells appear to show similar responses to

electrospun fibers with nanoscale properties. Rat hippocampus-

derived adult neural stem cells grown on laminin-coated electro-

spun polyethersulfone fiber meshes ranging from 283 nm to

1452 nm in diameter showed differentiation and proliferation

responses that significantly depended on fiber diameter (Chris-

topherson et al., 2009). Cells stretched multidirectionally to

follow underlying 283 nm fibers but when grown on larger fibers,

extended along a single fiber axis. With decreasing fiber diam-

eter, a higher degree of proliferation and cell-spreading and

lower degree of cell aggregation were observed.

The mechanisms by which nanotopographic cues influence

stem cell proliferation and differentiation are not well studied

but appear to involve changes in cytoskeletal organization and

structure, potentially in response to the geometry and size of

the underlying features of the ECM. That is, changes in the

feature size of the substrate may influence the clustering of integ-

rins and other cell adhesion molecules, thus altering the number

and distribution of focal adhesions (Figure 3A). For example,

previous studies have shown that the precise spacing between

nanoscale adhesive islands on a substrate can modulate the

clustering of the associated integrins and the formation of focal

adhesion and actin stress fibers and, therefore, control the adhe-

sion and spreading of cells (Arnold et al., 2004). In this respect,

the nanotopographic features of the ECM have been shown to

alter the morphology and proliferation of human embryonic

stem cells through cytoskeletal-mediated mechanisms. Polydi-

methylsiloxane (PDMS) gratings with 600 nm features and

spacing were found to induce the alignment and elongation of

embryonic stem cells (Gerecht et al., 2007). This study also

showed that nanotopographic cues altered the organization of

various cytoskeletal components, including F-actin, vimentin,

g-tubulin, and a-tubulin, and the observed changes in prolifera-

tion and morphology were abolished by the effect of actin-dis-

rupting agents. Alternatively, the influence of nanotopographic

features may be mediated through secondary effects, such as

alterations in the effective stiffness perceived by the cell

(Figure 3B) or differences in protein adsorption due to the struc-

tural features of the substrate.

Mechanical Determination of Stem Cell Fate
From the time of development and throughout the life of an

organism, cells of the body are constantly exposed to a variety

of mechanical stimuli through the actions of muscle forces,

gravity, blood flow, and other physical processes. The interac-

tions between cells and mechanical factors are critical to the

health and function of various tissues and organs of the body

and are also believed to play an important role in a variety of

disease states such as atherosclerosis, osteoarthritis, and oste-

oporosis (Ingber, 2003). Importantly, there is mounting evidence

that mechanical factors can significantly influence the process of

development and may play critical roles in controlling stem cell

fate and lineage determination.

As early as the last century, scientists recognized that the

mechanical environment could influence development (reviewed

in Estes et al., 2004). For example, in a series of experiments in

the 1930s and 1940s, Glücksmann demonstrated that cultured

chick rudiments under static compression following displace-

ment of the periosteum and perichondrium resulted in
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cartilaginous tissue formation, whereas tensile stresses

promoted bone formation (Glücksmann, 1942). In similar

fashion, paralysis of chick embryos resulted in a loss or signifi-

cant inhibition of cartilage formation, while a mechanical environ-

ment in the form of membranous bone articulation resulted in

secondary cartilage formation (Fang and Hall, 1995; Hall and

Herring, 1990; Murray and Drachman, 1969). The common

thread in all of these early studies was an emphasis on the unde-

niable influence of the mechanical environment during develop-

ment.

Despite such in vivo evidence, little was known regarding the

biomechanical and biochemical mechanisms by which such

mechanical factors could affect gene expression and the deter-

mination of stem cell fate. One major difficulty in studying such

interactions has been the complexity in determining the precise

nature of mechanical ‘‘signals’’ perceived by stem cells in vivo.

For example, simple mechanical loading of tissues results in

complex physical environments that consist of time-varying

stress, strain, fluid flow, and pressure and, potentially, other

biophysical changes such as osmotic pressure or electric fields

that are generated by the ubiquitous presence of fixed and

mobile electric charge on biological molecules (Guilak et al.,

1997). In principle, these changes in the microenvironment

may significantly alter the structure of ECM proteins and the

activity of soluble growth factors and cytokines. As such, it is

difficult to isolate the effects of mechanical force in vivo from

indirect effects associated with mechanically driven changes in

adhesive cues and/or paracrine signaling and, as described

earlier, subsequent changes in cell shape. Nonetheless,

mechanical forces can directly affect cellular function, and the

transduction processes by which cells ‘‘sense’’ applied physical

stimuli are only recently being uncovered (Liedtke and Kim,

2005).

Importantly, cells are not simply passive biomaterials with

constant mechanical properties but, rather, use signals from

the ECM to ‘‘tune’’ their mechanical properties by dynamically

remodeling their cytoskeletal networks. Thus, cellular responses

to mechanical perturbations are not only a function of the input

stimuli but are also determined by the coupling of these stimuli

to mechanosensitive changes in the cytoskeletal organization,

interaction with the ECM, and cellular force production. In

some experimental systems, these cell-generated forces may

be necessary or sufficient to influence stem cell differentiation

(Engler et al., 2006; McBeath et al., 2004). In this context, the field

of ‘‘mechanobiology’’ has exploded in the past few years in char-

acterizing the response of stem cells to more highly controlled

mechanical (and other physical) loading and in determining the

biophysical mechanisms and biochemical signal transduction

pathways that regulate lineage commitment (Wang and Tham-

patty, 2008). As the biophysical signals to which stem cells

respond may involve a variety of secondary factors that are

engendered in the ECM subsequent to initial mechanical

loading, several studies have attempted to isolate the influence

of specific physical stimuli such as cell stretch (i.e., tension),

compression, or fluid shear stress on stem cell behavior.

For example, the influence of cyclic strain on MSC phenotype

has been studied extensively in vitro for vascular tissue engi-

neering. MSCs cultured on various protein-coated flexible

membranes and subjected to 5% or 10% cyclic uniaxial stretch
demonstrated commitment toward a myogenic phenotype as

noted by the expression of smooth muscle actin (SMA) among

other factors (Gong and Niklason, 2008; Hamilton et al., 2004;

Park et al., 2004; Yang et al., 2000). However, strains of 1% or

15% failed to either induce commitment to the myogenic lineage

or caused a decrease in smooth muscle cell markers, pointing to

the importance of the magnitude of strain during differentiation

(Yang et al., 2000). The strain-induced myogenic phenotype

was dependent on the protein to which the cells were attached;

not coating the substrate resulted in loss of strain-induced myo-

genesis (Gong and Niklason, 2008). The effect of the mechanical

environment is also dependent on cell type, as adipose-derived

stem cells subjected to a similar uniaxial strain protocol (10%

uniaxial cyclic strain at 1 Hz for 7 days) showed decreased

expression of myogenic markers (Lee et al., 2007).

Uniform biaxial strain has also been applied in vitro to MSCs to

enhance osteogenic differentiation as noted by increases in

specific osteogenic markers, namely Runx2, osterix, alkaline

phosphatase, and calcium deposition (Sen et al., 2008; Simmons

et al., 2003; Thomas and el Haj, 1996; Yoshikawa et al., 1997).

Also, for bone tissue engineering, pulsatile fluid flow has been

shown to upregulate osteogenic markers in adipose-derived

stem cells, but only after some degree of osteogenesis had

occurred (Knippenberg et al., 2005), further alluding to the poten-

tial differential effects the mechanical environment may have

dependent on both the cell type and differentiated phenotype

of the cell.

In other studies, cyclic mechanical strain has been shown to

induce mouse embryonic stem cell differentiation into vascular

smooth muscle cells (Shimizu et al., 2008). Flk-1-positive

(Flk-1+) embryonic stem cells subjected to cyclic strain (4%–

12% strain, 1 Hz, 24 hr) showed significant increases in prolifer-

ation and reoriented perpendicular to the direction of strain,

exhibiting dose-dependent increases in smooth muscle alpha-

actin and smooth muscle-myosin heavy chain at both the protein

and gene level. Interestingly, inhibition of platelet-derived growth

factor receptor beta completely blocked the mechanically

induced differentiation of embryonic stem cells, suggesting

that activation of the receptor by cyclic strain plays a critical

role in vascular smooth muscle cell differentiation from Flk-1+

ESCs.

Mechanical strain has also been shown to inhibit the differen-

tiation of human embryonic stem cells while promoting self-

renewal without selecting against survival of differentiated or

undifferentiated cells (Saha et al., 2006). Interestingly, stem cells

cultured while being cyclically strained retained pluripotency,

evidenced by their ability to differentiate to cell lineages in all

three germ layers. The influence of mechanical strain appeared

to involve the TGF-b/activin/nodal pathway, as strain was shown

to upregulate TGF-b1, Activin A, Nodal, and SMAD2/3 phos-

phorylation in undifferentiated embryonic stem cells (Saha

et al., 2008b), whereas inhibition of the TGFb/Activin/Nodal

receptor stimulated differentiation.

Cyclic unconfined compression has also been shown to alter

the phenotype of mesenchyme-derived stem cells. For example,

the chondrogenic induction of stage 23/24 chick limb bud cells

embedded in an agarose matrix was significantly enhanced by

dynamic mechanical unconfined compression as a function of

applied frequency, specifically noting an approximate doubling
Cell Stem Cell 5, July 2, 2009 ª2009 Elsevier Inc. 21
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in the cartilage nodule density and a greater than 2-fold increase

in proteoglycan synthesis rates compared to static compression

(Elder et al., 2000, 2001). MSCs encapsulated in a 2% agarose

matrix and subjected to unconfined dynamic compression ex-

hibited increased aggrecan and collagen II transcript levels

over nonloaded controls, which also translated into enhanced

protein deposition in the matrix (Huang et al., 2004; Mauck

et al., 2007). Additionally, intermittent hydrostatic pressure posi-

tively affected chondrogenically induced MSC aggregates, re-

sulting in significantly higher levels of collagen and proteoglycan

content compared to unloaded controls (Angele et al., 2003).

As might be expected, the influence of mechanical loading on

stem cell response appears to depend on the type of stem cell as

well as the state of (pre-)differentiation. For example, dynamic

mechanical compression can significantly increase the chondro-

cytic expression (e.g., Sox-9, type II collagen, and aggrecan) of

bone-marrow-derived MSCs encapsulated in a hydrogel, irre-

spective of the presence of chondrogenic growth factors (Terra-

ciano et al., 2007). Under the same conditions, embryonic stem

cell-derived embryoid bodies exhibit significant downregulation

of cartilage-specific genes in response to mechanical compres-

sion. Following chondrogenic differentiation with TGFb-1,

however, these cells showed significant increases in the expres-

sion of cartilage-specific genes when exposed to mechanical

compression (Terraciano et al., 2007), suggesting that the me-

chanosensitivity of different types of stem cells is highly depen-

dent on their state of differentiation. Taken together, it is clear

that physical signals, in part, regulate differentiation but also

that the ensuing phenotype is dependent on a myriad of factors

including, but not limited to, the biochemical environment,

biomaterials that are being employed, the differentiated state

of the cell, and the precise mechanical loading protocol.

Mechanisms of Mechanical Signal Transduction
In order to elucidate the biological mechanisms involved in the

mechanotransduction pathways that control stem cell differenti-

ation in these previous examples, investigators have begun to

explore how mechanical forces are transduced into biochemical

signals that can in turn regulate, synergize, and modulate

signaling cascades induced by other stimuli (e.g., Cohen and

Chen, 2008; Ghosh and Ingber, 2007). Such studies have exam-

ined a number of different mechanisms, but as of now, the role of

the actin cytoskeleton and the activity and expression of tran-

scription factors and chromatin remodeling enzymes directly

involved in gene expression have been found to play a significant

role in mechanical signal transduction.

For example, mechanical stretch has been shown to regulate

the expression and localization of a set of novel chromatin

remodeling enzymes called TIPs (tension-induced proteins)

(Jakkaraju et al., 2005). Specifically, an applied static 5% axial

stretch is sufficient to trigger TIP1 expression and nuclear local-

ization in cultured embryonic lung MSCs, and such expression is

similarly observed in vivo in lung mesenchymal stem cells under-

going smooth muscle myogenesis, a tension-dependent

process (Yang et al., 2000). Importantly, TIP1 expression is

both necessary for stretch-induced myogenesis in vitro, and

TIP1 expression is sufficient to phenocopy the effect of mechan-

ical stretch on the expression of differentiation-specific genes

(Jakkaraju et al., 2005). While TIPs have not yet been studied
22 Cell Stem Cell 5, July 2, 2009 ª2009 Elsevier Inc.
in other stem cells, mechanical stretch has been shown to regu-

late other lineage commitment events, including osteogenic

versus adipogenic fate decision. In a model mesenchymal

stem cell line (C3H10T1/2), stretch inhibits adipogenic commit-

ment and promotes osteogenesis by regulating the expression

and function of the PPAR-g transcription factor, a master regu-

lator of adipogenesis (David et al., 2007). Stretch appears to

antagonize PPAR-g through altered responsiveness of PPAR-g

promoters, possibly through reduced accessibility/recruitment

of activated PPAR-g protein. This stretch-regulated adipo-

genic-to-osteogenic switch is therefore consistent with mechan-

ically sensitive chromatin remodeling and possibly involves TIPs.

These studies and others implicate the role of the actin cyto-

skeleton and, in particular, the RhoA pathway to regulate stem

cell differentiation. Manipulation of RhoA and its downstream

effector, Rho kinase (ROCK), appear sufficient to direct commit-

ment of mesenchymal stem cells toward osteogenic (high RhoA

signaling) versus adipogenic (low RhoA signaling) fates

(McBeath et al., 2004). Importantly, the ability of RhoA-ROCK

signaling to stimulate osteogenesis required myosin II activity,

suggesting that this differentiation response is dependent on

the ability of cells to generate contractile forces and cytoskeletal

tension. The contribution of the RhoA pathway to lineage

commitment decisions is further evidenced by the p190RhoGAP

knockout mouse. The p190RhoGAP mouse exhibits a perinatal

lethality phenotype associated with deficiencies in insulin/IGF

signaling and CREB activity (Sordella et al., 2002). Moreover,

the loss of p190RhoGAP, which normally restricts RhoA activity

through GTP hydrolysis, results in a concomitant upregulation of

RhoA activity and increase in myogenic differentiation (at the

expense of adipogenesis) both in vitro and in vivo (Sordella

et al., 2003). Although this adipogenic-myogenic switch is

dependent on RhoA-mediated activation of ROCK, it is not yet

clear to what extent ROCK activity regulates adipogenic differ-

entiation strictly through effects on insulin signaling (Sordella

et al., 2003) versus through its effects on cytoskeletal tension

(McBeath et al., 2004). However, it is worth noting the Rho-

ROCK-myosin signaling regulates the activity of the SRF tran-

scription factor (Fan et al., 2007; Mack et al., 2001), and SRF

and its cofactors are intimately associated with myogenic differ-

entiation (Wang and Olson, 2004).

As such, cell-generated forces/tension are likely to contribute

to Rho-mediated myogenic differentiation. Although it is not yet

clear why RhoA activation promotes myogenic differentiation in

one context (Sordella et al., 2003) and osteogenic differentiation

in another (McBeath et al., 2004), these studies pinpoint RhoA

signaling as a pivotal molecular player in the lineage commitment

of MSCs in response to both mechanical (cell spreading, intra-

cellular tension) and soluble (insulin/IGF1) factors.

In addition to the regulation of stem cell response to mechan-

ical factors through cytoskeletal tension/RhoA/ROCK, there is

new evidence for the potential role of mechano- and osmotically

sensitive ion channels in the regulation of stem cell differentia-

tion. Several classes of ion channels in the Transient Receptor

Potential (TRP) family of cation channels have been recently

discovered that appear to serve as the primary sensory channels

in the body that transduce physical signals such as temperature

and osmolarity and stretch into intracellular Ca2+ signaling (e.g.,

Caterina and Julius, 2001; Christensen and Corey, 2007;
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Liedtke, 2007; Mutai and Heller, 2003; Nilius and Voets, 2004;

Pedersen and Nilius, 2007). Of particular interest is the finding

that such transduction channels can play important roles in the

growth and differentiation of various stem cells. For example,

the canonical TRP channel TRPC1, which can be gated by

mechanical stretch, has been shown to play roles in the

processes of neuronal development, including neural stem cell

proliferation, cerebellar granule cell survival, axon path finding,

and neuronal morphogenesis (Fiorio Pla et al., 2005; Tai et al.,

2009). In other studies, functional gene screening has identified

TRPV4, a mechanically and osmotically sensitive ion channel

(Gao et al., 2003; Liedtke et al., 2003), as a regulator of the chon-

drogenic differentiation of C3H10T1/2 MSCs (Muramatsu et al.,

2007). In CD133+ adipose tissue stem cells, TRPC3 was found

to be responsible for high levels of VEGF-induced Ca2+ entry

that was preferentially detected in rim areas of expanding colo-

nies, and TRPC3 function was found to be essential in deter-

mining the fate of CD133+ progenitor-derived colonies (Poteser

et al., 2008). Growing evidence suggests direct links between

RhoA-mediated actin organization and TRP channel-mediated

signaling (Barnes et al., 2005; Beech, 2005; DeWire et al.,

2007; Mehta et al., 2003; Zhang and Bourque, 2008), opening

the intriguing possibility that the physical signaling pathways

regulated by cytoskeletal tension and mechanosensitive ion

channels may in fact be linked.

Controlling the Physical Microenvironment
of Stem Cells for Tissue Engineering
These studies and others clearly show that physical interactions

with the ECM significantly influence stem cell behavior, and can

interact with chemical (i.e., composition), molecular (i.e., soluble

mediators), or genetic (cell-type) factors to regulate cell fate. In

studying the stem cell niche, focus was originally placed on

cell-cell interactions as a primary regulator of stem cell fate,

with growing interest more recently on the role of the molecular

composition of the niche as well (Scadden, 2006; Watt and

Hogan, 2000). The adhesion molecules contributing to asym-

metric stem cell division, which include b1 integrin, CD146,

and E-cadherin, have begun to be identified within the niche

environment of hair follicle, intestinal epithelial, limbic, and sper-

matogonial stem cells, respectively (Baharvand et al., 2007; Ka-

natsu-Shinohara et al., 2008; Oatley and Brinster, 2008; Ohyama

et al., 2006; Tanentzapf et al., 2007). In addition to the regulation

of normal stem cell function, there has been growing interest in

the concept that niche has a ‘‘dynamic’’ nature that can change

properties under certain conditions (Adams and Scadden, 2008).

Such alterations in a stem cell niche could not only lead to aber-

rant growth or differentiation of stem cells, but also provide

a potential therapeutic target for regenerative medicine. For

example, cell-cell interactions in the stem cell niche can be

strongly influenced by paracrine signaling by hormones, as has

been shown in multiple organ systems such as in bone/marrow

(Calvi et al., 2003; Kronenberg, 2007), breast (Brisken and

Duss, 2007), or prostate (Kasper, 2008). However, an under-

standing of how physical signals may influence or be influenced

by traditional receptor-ligand signaling in the niche remains to be

determined.

In this regard, the control of ECM composition in engineered

constructs has proven to be a valuable tool in guiding the devel-
opment and commitment of stem cells during neotissue forma-

tion. For example, mouse embryonic stem cell-derived embryoid

bodies cultured in semi-interpenetrating polymer networks

made of collagen, fibronectin, or laminin show significantly

different differentiation and viability depending on the composi-

tion of the ECM (Battista et al., 2005). Importantly, the ability to

engineer artificial ECMs that, through physical as well as molec-

ular interactions, enable directed control of stem cell behavior

may further extend our capabilities in engineering functional

tissue substitutes. By controlling the nanotopography, mechan-

ical properties, and mechanical loading environment of tissue

engineering scaffolds, we may further improve the regulation of

stem cell fate in bioartificial systems. Despite significant

advances shown in these in vitro studies, the ultimate success

of such approaches will require in vivo demonstrations of func-

tional engraftment and tissue regeneration. Such findings

emphasize the importance of a multidisciplinary approach for

the use of stem cells in the development of engineered tissue

substitutes, involving the coalescence of many disciplines

such as cell and molecular biology, materials science, biomed-

ical engineering, medicine, and surgery.
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