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Summary
The extracellular matrix (ECM) is an intricate network of proteins that surrounds cells and has a central role in establishing an environment
that is conducive to tissue-specific cell functions. In the case of stem cells, this environment is the stem cell niche, where ECM signals
participate in cell fate decisions. In this Commentary, we describe how changes in ECM composition and mechanical properties can affect
cell shape and stem cell differentiation. Using chondrogenic differentiation as a model, we examine the changes in the ECM that occur before
and during mesenchymal stem cell differentiation. In particular, we focus on the main ECM protein fibronectin, its temporal expression
pattern during chondrogenic differentiation, its potential effects on functions of differentiating chondrocytes, and how its interactions with
other ECM components might affect cartilage development. Finally, we discuss data that support the possibility that the fibronectin matrix
has an instructive role in directing cells through the condensation, proliferation and/or differentiation stages of cartilage formation.
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Introduction
The extracellular matrix (ECM) is a fibrillar network of proteins
that has an essential role in determining tissue architecture by
providing a framework for cell adhesion (Hynes and Yamada,
2012; Mecham, 2011). Cell–ECM interactions largely depend on
integrin cell-surface receptors. Binding of these receptors to sites
on proteins within the ECM transduces environmental information
to the cell interior, which directs tissue-specific cell functions.
ECM signals are communicated through these receptors to regulate
cellular functions such as proliferation, migration, survival and
differentiation (Geiger et al., 2001; Geiger and Yamada, 2011). All
cells that reside within tissues, including stem cells, interact with
the ECM. A fundamental property of stem cells is the ability to
maintain a balance between self-renewal and differentiation, and
these cell fate decisions are affected by signals from the ECM
within the stem cell niche.
The protein composition of the ECM varies from one tissue to
the next. The main fibrillar components of an ECM can be
divided into two groups: collagens and cell adhesive
glycoproteins (e.g. laminins and fibronectin) (Mecham, 2011).
Collagens are triple-helix proteins that assemble into multimeric
fibrils through end-to-end and lateral interactions. The principal
integrins for collagen binding are integrin a1b1 and integrin
a2b1 (Hynes and Naba, 2012; Hynes and Yamada, 2012). The
ECM glycoproteins fibronectin and laminin are multidomain
proteins that contain binding sites for integrins, collagen and
other ECM proteins, glycosaminoglycans, as well as selfassociation sites (Singh et al., 2010; Yurchenco and Patton,
2009). The multidomain structure of these proteins, thus,
provides a mechanism for connecting cells to the ECM
network by allowing simultaneous interaction with integrins,
collagens and other ECM components. Integrin receptors that
bind laminins include integrins a3b1, a6b1 and a7b1, whereas

fibronectin binds to – among others – integrins a5b1, a4b1 and
avb3 (Hynes and Naba, 2012; Hynes and Yamada, 2012). The
connections that are formed between the cytoplasmic domains of
integrin receptors and the cytoskeleton subsequently organize
intracellular actin filaments to induce specific cell morphologies
(Geiger and Yamada, 2011; Schwartz, 2010). The composition
and organization of the ECM determine the physical properties of
a tissue (such as compliance, topology and insolubility), and
these properties influence cell adhesion, cell shape and the
activation of intracellular signaling pathways.
Because the ECM has a crucial role in tissue structure and
function, interactions between stem cells and the surrounding ECM
are likely to participate in decisions regarding the stem cell fate.
Although embryonic and adult stem cells are known to express
integrin receptors that bind various ECM proteins (Kapur et al.,
2001; Klees et al., 2007; Wagner et al., 2005), the contributions that
specific ECM proteins make to stem cell function have not been
thoroughly investigated. So far, the main limitation to studies on the
interaction between stem cells and the ECM is the lack of
information about the composition of the stem cell niche. In this
Commentary, we discuss the current knowledge of the role of the
ECM in the stem cell niche and the regulation of stem cell
functions. In addition, we focus on fibronectin, an ubiquitous ECM
component that has been the focus of many studies of ECM
assembly, ECM mechanical properties and cell–ECM interactions,
and on chondrogenesis, a stem cell differentiation process that
depends on changes in ECM protein expression and deposition.
The ECM in stem cell differentiation
The ECM in the stem cell niche

Within tissues, stem cells reside in the stem cell niche, which is
composed of various support cells, the ECM and soluble factors
(Lo Celso and Scadden, 2011). Interactions within the niche are
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important for maintaining stem cells in an undifferentiated state,
but also contribute to the decision to differentiate. The severe
defects in early development that are observed in b1-integrin
knockout mice suggest that these receptors and their ECM
ligands are important for stem cell fate decisions. The lack of b1
integrin affects the morphogenesis and survival of embryonic
inner cell mass cells (Stephens et al., 1995) and, in culture, b1integrin-null embryonic stem (ES) cells fail to adhere to the ECM
(Fassler et al., 1995). Likewise, laminins and fibronectin have
essential roles in early differentiation events (Aszodi et al., 2006;
George et al., 1993; Li et al., 2002). The developmental
requirements for the ECM and for receptors that recognize
specific extracellular proteins raise important questions about
how these ECM proteins control stem cell differentiation.
The hematopoietic stem cell niche has been particularly well
studied and consists of multiple cell types, including osteoblastic
cells, endothelial cells and adipocytes (Lo Celso and Scadden,
2011), as well as the ECM proteins fibronectin, collagens and
vitronectin (Whetton and Graham, 1999). Mesenchymal support
cells in the niche produce and assemble an ECM, and the
composition of this ECM can have a role in maintaining stem cell
properties – as has been shown recently with human
mesenchymal stem cells grown on an ECM derived from bone
marrow stromal cells (Lai et al., 2010). The repertoire of stem
cell integrin receptors determines the extent of cell–ECM
binding. Hematopoietic stem cells, for example, express a4b1
integrin, which binds to fibronectin and to receptors on
neighboring cells (Whetton and Graham, 1999), so this receptor
can tether the stem cells to the ECM and to support cells within
the bone marrow. The multimeric ECM protein tenascin-C is a
stem cell niche component of the hair follicle bulge region
(Tumbar et al., 2004) and is also present in the bone marrow
(Klein et al., 1993). Tenascin-C binds to fibronectin and
modulates cell adhesion (Hsia and Schwarzbauer, 2005). This
raises the possibility that this protein influences hematopoietic
stem cell interactions with the ECM in their niche.
The interplay between stem cells and mesenchymal support
cells might affect the composition of the niche ECM. Tumor
metastasis studies suggest that cancer stem cells can induce
resident fibroblasts to express certain ECM proteins in order to
make the tissue environment permissive for colonization. In
particular, both fibronectin (Kaplan et al., 2005) and periostin
(Malanchi et al., 2012) have been linked to the development of a
metastatic niche. Although these studies were carried out with
cancer stem cells, it would not be surprising to find that normal
stem cells also have an impact on the composition of the niche
ECM. In fact, both embryonic and adult stem cells express ECM
proteins (Hunt et al., 2012; Lai et al., 2010), a fact that raises the
possibility that incorporation of stem cell proteins into the matrix
network contribute to cell fate decisions. The role of ECM
composition and its impact on stem cell behavior in vivo is a
complex problem that requires further investigation.
ECM compliance and cell shape in stem cell differentiation

The composition of the ECM substrate in vitro can have a direct
effect on stem cell differentiation. It has been shown that plating
ES cells on laminin or fibronectin induces differentiation,
whereas self-renewal is maintained when the cells are plated on
type I or type IV collagen substrates (Hayashi et al., 2007).
Different types of laminin have differential effects on stem cell
differentiation. For example, laminin-511, but not several other

laminin types, can support self-renewal (Domogatskaya et al.,
2008). Laminin-322 stimulates osteogenic differentiation of
mesenchymal stem cells, whereas laminin-111 promotes neural
differentiation (Klees et al., 2005; Klees et al., 2007;
Mruthyunjaya et al., 2010). Fibronectin can mediate ES cell
differentiation towards a meso-endodermal lineage (Hayashi
et al., 2007) by upregulating the expression of integrin a5b1
(Pimton et al., 2011). Under different culture conditions,
however, fibronectin promotes ES cell self-renewal (Hunt et al.,
2012).
In adult stem cells, fibronectin can promote differentiation
along skeletal lineages while suppressing adipogenic
differentiation (Martino et al., 2009; Ogura et al., 2004; Wang
et al., 2010). Recent results have shown that chondrogenesis is
enhanced when mesenchymal stem cells are expanded on a threedimensional decellularized ECM compared with cells that are
grown on a planar ECM-coated surface (Pei et al., 2011). By
contrast, planar fibronectin substrates have been shown to
enhance mesenchymal stem cell migration (Veevers-Lowe et al.,
2011). The effects of fibronectin on cell fate also extend to
differentiated cells: 3T3 adipocytes show reduced lipogenic gene
expression when grown on fibronectin (Spiegelman and Ginty,
1983). Differential effects of specific ECM components
(collagen, laminin, fibronectin) and ECM architecture (planar
versus decellularized) on self-renewal and differentiation of ES
and adult stem cells indicate that cell fate decisions depend on the
context. Thus, it is important to determine the identity and
organization of niche components in order to understand the
interactions of stem cells with their niche.
Cell shape is determined by receptor-mediated interactions
with proteins in the ECM and is linked to the regulation of cell
growth (see, for example, Folkman and Moscona, 1978). In
addition, cell shape has a role in determining lineage-specific
differentiation of stem cells. For example, mesenchymal stem
cell spreading, which involves Rho GTPase activity and tension
generated by cell contractility, supports osteogenic differentiation
(McBeath et al., 2004; Wang et al., 2011). By contrast, restricting
cell spreading by exposing cells to a specific substrate
composition or plating them at increasing densities antagonizes
osteogenesis and promotes adipogenic (Wang et al., 2011). These
results suggest that differentiation can be influenced by stem cell
shape, which is determined by multiple factors including the
composition and properties of the ECM.
The composition of the ECM also determines its mechanical
properties, but the inherent complexity of the ECM network
makes it difficult to manipulate these properties. One way to
modulate substrate stiffness is through the use of hydrogels (e.g.
polyacrylamide gels) of varying elasticity (Pelham and Wang,
1997). In-vitro studies have provided convincing evidence that
stem cells respond to signals that are generated as a result of
varying substrate stiffness and use this information to determine
their differentiation fate. ES cells grown on a soft gel maintain a
state of self-renewal (Winer et al., 2009) and express high levels
of self-renewal markers such as NANOG and OCT4 (also known
as POU5F1), even in the absence of the self-renewal factor
leukemia inhibitory factor (LIF) (Chowdhury et al., 2010).
Varying the compliance of collagen-coated gels has been shown
to have different effects on mesenchymal stem cells. A substrate
that mimics the stiffness of brain tissue promotes neurogenic
differentiation, whereas stiffer substrates induce myogenic or
osteogenic properties (Engler et al., 2006). Similarly, neural stem
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cells that are grown on a substrate with the approximate stiffness
of the ECM in brain tissue upregulate neuronal markers (Saha
et al., 2008); on stiffer substrates, however, they suppress
neurogenesis through Rho activation (Keung et al., 2011).
Together, these and other studies indicate that the composition
and stiffness of the ECM contribute to the determination of stem
cell fate. However, the details of when, where and how the ECM
influences stem cell fate remain to be uncovered.
As described above, some ECM components of stem cell niches
have been identified, and experiments using cells in culture provided
additional information on how stem cells respond when they adhere
to ECM proteins such as fibronectin, collagens or laminins.
However, mechanistic information about stem cells and the ECM
is limited. Stem cell microenvironments are likely to differ from one
tissue to the next, and between embryonic and adult tissues. Below
we describe insights into stem cell differentiation and the ECM
that have been gleaned from analyses of cartilage development.
Studies of this process have benefited from the availability
of complementary in vivo and in vitro systems. Developmental
information has been gained from analyses of limb buds in vivo and
from the existence of many non-lethal skeletal mutations that affect
ECM molecules, whereas chondrogenic culture systems have
allowed the dissection of molecular events and cellular changes
throughout the early stages of the process.
Differentiation of mesenchymal cells
Steps involved in chondrogenesis

One process that has provided new insights into the functions of the
ECM during cell differentiation is chondrogenesis, because the
composition of the matrix changes dramatically as mesenchymal
cells differentiate (Sundelacruz and Kaplan, 2009). The initiation of
skeletal development in the limb bud has provided substantial
information about the very early steps of chondrogenesis in vivo.
During embryogenesis, prechondrogenic mesenchymal cells that
reside within the ECM of the limb bud rearrange into condensed cell
aggregates. This formation of a compact cell mass is accompanied by
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changes in cell shape (from spread to rounded) and the deposition of
pre-cartilaginous ECM (DeLise et al., 2000) (Fig. 1A). Condensed
cells are readily detected by staining with labeled peanut agglutinin –
which binds to a galactose moiety that is upregulated in cell
aggregates during chondrogenic differentiation in vivo and in vitro
(Aulthouse and Solursh, 1987) – or, at later stages, with Alcian Blue,
which detects glycosaminoglycan moieties on ECM proteoglycans.
Condensation is a prerequisite for chondrogenic differentiation
(Bobick et al., 2009; DeLise et al., 2000) and depends on the
expression of the cell–cell adhesion proteins N-cadherin and neural
cell adhesion molecule (NCAM). Antibody-blocking experiments
and the modulation of gene expression in the limb bud confirmed the
importance of these two molecules in mediating cell–cell interactions
during condensation (Bobick et al., 2009). Changes in protein
expression also occur during condensation. In particular, the
expression of fibronectin is rapidly upregulated when
mesenchymal cells condense (Kulyk et al., 1989).
Following the aggregation of mesenchymal cells, the levels of
cell–cell adhesion molecules drop. However, cells remain closely
associated, possibly as a result of the assembly of pre-cartilage
ECM between differentiating cells (Fig. 1B). The importance of
this ECM for cell condensation and subsequent differentiation is
evident from knockdown or blocking experiments in which
targeting fibronectin, versican or collagen causes defects in
chondrogenesis (Kamiya et al., 2006; White et al., 2003; Wilson
et al., 2011). As differentiation proceeds, a matrix that is rich in
fibronectin and type I collagen is replaced with one that contains
type II collagen and aggrecan as the main components (Bobick
et al., 2009; Sundelacruz and Kaplan, 2009). Interactions between
proteins within the matrix and their receptors on the surface of
differentiating chondrocytes might provide environmental signals
that contribute to the progression of differentiation. Ultimately, in
vivo, the ECM is crucial for defining cartilage structure and
flexibility as well as chondrocyte fate when the cells progress
through the proliferating, hypertrophic and terminal stages
(Lefebvre and Bhattaram, 2010) (Box 1).

Chondrocyte proliferation
and differentiation

B

Hypertrophy
and
ossification

Fibronectin
Collagen I
Collagen II and IX
Aggrecan

Fig. 1. The stages of chondrogenesis. (A) The diagram illustrates the principal steps of chondrogenesis and indicates some of the main ECM proteins that are
expressed at different stages throughout the process. The ECM proteins fibronectin (green), collagen I (blue), collagen II and IX (orange) and aggrecan
(violet) are shown. (B) Mesenchymal stem cells were induced to undergo chondrogenesis in pellet culture for 12 days in chondrogenic medium containing TGFb3. At day 12, pellets were harvested, embedded and cut into 5 mm-thick sections, which were fixed and stained. Anti-human fibronectin (HFN7.1) monoclonal
antibody staining was followed by Alexa-Fluor-488-conjugated goat anti-mouse immunoglobulin G. The image shows that the fibronectin matrix is present
throughout the section (green). Cell nuclei were visualized with 49,6-diamidino-2-phenylindole (DAPI) and the inset shows the cell density within the section.
Scale bar: 100 mm.
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Box 1: Transcriptional regulation of a mesenchymal cell differentiation
The vertebrate skeleton forms through a process called endochondral ossification. Multipotent mesenchymal cells in the limb buds condense
and differentiate into osteochondroprogenitor cells that are the precursors for cartilage and bone tissue (Hartmann, 2009; Kronenberg, 2003).
Chondrocytes develop in the center of the condensate, while the surrounding cells form the perichondrium – which later gives rise to osteoblasts.
The differentiated chondrocytes proliferate and mature into hypertrophic chondrocytes, which are growth-arrested cells that deposit mineralized
matrix as a template for bone formation by osteoblasts (Kronenberg, 2003) (see Figure). The decision for progenitor cells to differentiate
depends on the integration of signals arising from soluble extracellular factors – such as TGF-b family members, Wnt and others (Lefebvre and
Bhattaram, 2010) – and on two main transcription factors: SOX9 for chondrogenesis and Runt-domain transcription factor (RUNX2) for
osteogenesis (Komori et al., 1997; Otto et al., 1997). These two transcription factors are expressed by osteochondroprogenitor cells (Akiyama et
al., 2005) and both are regulated by the effects of other transcription factors (Hartmann, 2009). SOX9 has a dominant role in promoting
chondrogenic differentiation by positively regulating progenitor differentiation and negatively regulating RUNX2 (Zhou et al., 2006). Two other
SOX family transcription factors, SOX5 and SOX6, cooperate with SOX9 to promote chondrogenesis. In mouse embryos that lack these factors,
differentiation is impaired but not blocked (Lefebvre et al., 1998). RUNX2 expression stimulates differentiation of the osteoblast lineage and also
contributes to chondrocyte development by regulating maturation into hypertrophic chondrocytes (Hinoi et al., 2006; Karsenty, 2008).
Osteoblast
RUNX2

Mesenchymal SOX9
cells

Osteochondroprogenitor cells
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Deciphering the molecular mechanisms of chondrogenesis has
been facilitated by the ability to recapitulate the steps in highdensity micromass- or pellet-culture systems in vitro. Using this
approach, various mesenchymal cell types, ES cells and
mesenchymal stem cells can be induced to undergo
chondrogenesis and follow the in vivo differentiation steps in
the same order (Chen et al., 2009; Diekman et al., 2010; Richter,
2009; Toh et al., 2010). Aggregating cells by pelleting or plating
them at a high density, followed by growth in chondrogenic
culture medium that contains members of the transforming
growth factor beta (TGF-b) family and other growth factors,
results in the completion of the condensation step. In addition,
this process activates those changes in gene expression that are
required for differentiation (Chimal-Monroy and Diaz de Leon,
1999; Kawakami et al., 2006). In particular, the expression of
type II collagen and aggrecan is upregulated at this point, which
promotes the deposition of a cartilage-specific ECM.
Cell shape and chondrogenic differentiation

Mesenchymal cell shape appears to have a substantial role in the
initiation of the chondrogenic program. Prior to condensation, cells
have a typical mesenchymal morphology, but they become more
rounded as cell–cell interactions increase during condensation
(Fig. 1A). Early studies have shown that treating limb
mesenchymal cells with cytochalasin D, which depolymerizes
actin filaments, stimulates chondrogenic differentiation and blocks
the anti-chondrogenic effects of ectoderm-conditioned medium
(Zanetti et al., 1990; Zanetti and Solursh, 1984). More recently,
synthetic substrates that were designed to control cell shape have
provided evidence in support of the idea that restricting cell
spreading promotes differentiation of mesenchymal stem cells
towards chondrocytes (Gao et al., 2010).

SOX9

Proliferating
chondrocytes

RUNX2

Hypertrophic
chondrocytes

Cell shape can be affected by changing cell density: as cell
density increases, cell spreading decreases. Furthermore, the
comparison of multipotent mouse cells grown at different
densities has shown a correlation between a round nuclear
shape and an increase in the expression of chondrogenic
differentiation markers (McBride and Knothe Tate, 2008).
Differentiated chondrocytes also respond to changes in cell
shape and density. Dispersed chondrocytes have a stellate
morphology. Moreover, in these cells, the synthesis of sulfated
glycosaminoglycans is substantially lower than in chondrocytes
that are cultured at high density or in pellet cultures – where cells
maintain a more rounded morphology (Abbott and Holtzer,
1966). These results suggest a correlation between a rounded
chondrocyte shape and the maintenance of a differentiated
phenotype.
Transcriptional regulation during chondrogenesis

Differentiation and expression of chondrogenic ECM proteins
depends on the transcription factor sex-determining region Y
protein (SRY)-box 9 (SOX9), which is a master regulator of
chondrogenic differentiation both in vivo and in vitro (Box 1).
SOX9 is expressed during condensation in the developing chick
limb, and its misexpression by retroviral transduction in early
fore- and hindlimb regions causes the formation of ectopic
cartilage, which indicates that SOX9 is sufficient to promote
chondrogenesis (Healy et al., 1999). Defects in SOX9 binding to
DNA cause campomelic dysplasia, a congenital deformity that is
characterized by bowing of the long bones as well as other
skeletal and reproductive defects (Foster et al., 1994), which
highlights an essential role for SOX9 in regulating chondrogenic
gene expression. Analyses of heterozygous SOX9+/2 mice have
confirmed a role for this transcription factor in chondrogenesis
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(Bi et al., 1999). Furthermore, using SOX92/2 ES cells to
generate chimeric mice has shown that these cells are excluded
from the mesenchymal condensation of wild type cells (Bi et al.,
1999), and live imaging of SOX9 chimeras has shown that this
exclusion corresponds to the formation of a less rounded, more
spread-out cell phenotype (Barna and Niswander, 2007).
Whereas overexpression of SOX9 in chick micromass cultures
increases the extent of condensation, the complete absence of
Sox9 in mouse ES cells does not prevent pre-cartilage
condensation or upregulation of certain prechondrogenic
markers (Hargus et al., 2008). Taken together, these findings
indicate that SOX9 is not required during condensation.
However, it is expressed in skeletal precursors and has been
shown to be essential for differentiation in a variety of systems
(Akiyama, 2008; Bi et al., 1999) (Box 1). SOX9 has an important
role in regulating changes in the expression of ECM proteins
during chondrogenesis. It directly regulates expression of the
main cartilage collagen gene COL2A1 in chondroprogenitor cells
and in chondrocytes (Akiyama, 2008; Bell et al., 1997; Ng et al.,
1997; Zhao et al., 1997).
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ECM deposition during chondrogenesis

Chondrogenesis is an excellent system for studying changes in
ECM production and deposition, because the components of
mesenchymal, pre-cartilaginous and cartilaginous matrices are
altered as chondrocytes differentiate (Table 1). Undifferentiated
mesenchymal cells and the condensing mesenchyme deposit a
fibronectin-rich matrix (Dessau et al., 1980; Kulyk et al., 1989)
that also contains versican (Kamiya et al., 2006; Kimata et al.,
1986), type I collagen (Dessau et al., 1980) and hyaluronan
(Knudson and Knudson, 2001). Tenascin-C is expressed during
condensation and, as condensed cells undergo differentiation,
levels of tenascin-C and collagen I decrease (Dessau et al., 1980;
Kosher et al., 1986; Mackie et al., 1987). By contrast, a
cartilaginous matrix consisting of collagen types II and IX, and
the proteoglycans aggrecan and versican develops during this
stage (Choocheep et al., 2010; Knudson and Knudson, 2001;
Kravis and Upholt, 1985; Kulyk et al., 1991). Concomitant with
changes in the molecular composition of the ECM, receptors for
specific ECM proteins are expressed by differentiating
chondrocytes (Djouad et al., 2007).
Although fibronectin is not usually considered a principal
cartilage protein, it is present throughout differentiation and
persists in mature cartilaginous tissue. Fibronectin is abundant in
the developing mesenchyme, and its expression is upregulated
during cell condensation in vivo and in vitro (Dessau et al., 1980;
Kulyk et al., 1989). Its level peaks early in the differentiation
phase, declines somewhat, and then remains at detectable levels
as type II collagen and proteoglycans accumulate. In addition,
fibronectin is abundant throughout the matrix of the growth plate
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and other types of cartilaginous tissue (Melnick et al., 1981;
DeLise et al., 2000; J.E.S., unpublished observations), which
suggests a continuing role for fibronectin in chondrocyte
differentiation after birth. Furthermore, fibronectin directly
interacts with many of the proteins that are expressed at
various stages of differentiation (Table 1), including tenascinC, versican, glycosaminoglycans and a range of collagens
(Hynes, 1990; Parsons et al., 2011; Singh et al., 2010). One
potential role for fibronectin during chondrogenesis is to promote
proliferation during the differentiation phase (Fig. 1A; Fig. 2).
Along these lines, fibronectin–integrin signaling has been shown
to regulate cell-cycle progression (Schwartz and Assoian, 2001).
Increased expression of fibronectin during condensation would
result in upregulation of the fibronectin matrix (Fig. 1B), thus
generating additional contact sites between the cells and
fibronectin that could positively influence cell proliferation.
In addition to changes in fibronectin expression, the
fibronectin isoforms that are expressed vary during
chondrogenesis. Fibronectin is alternatively spliced at three
sites, namely the extra type III domains EIIIA and EIIIB and the
variable (V)/IIICS region (Schwarzbauer and DeSimone, 2011).
Mice that lack either the EIIIA or EIIIB exon do not develop
overt skeletal defects (Fukuda et al., 2002; George et al., 1993;
Muro et al., 2003). However, the simultaneous deletion of both
exons causes cardiovascular defects and, in certain genetic
backgrounds, embryonic lethality (Astrof et al., 2007). As
cartilage develops, the proportions of fibronectin that contain
EIIIA or EIIIB change dramatically. Fibronectin containing both
EIIIA and EIIIB is prevalent in the developing mesenchyme
(Bennett et al., 1991), and antibody-blocking experiments have
indicated that fibronectin containing the EIIIA exon participates
in cell condensation (Gehris et al., 1997). During differentiation,
inclusion of the EIIIA exon is reduced both in vivo and in vitro
(Gehris et al., 1996), such that mRNA of cartilage fibronectin
includes exon EIIIB but not exon EIIIA (White et al., 2003). This
specific pattern of fibronectin transcript splicing suggests that the
balance of isoforms contributes to chondrogenesis, but their exact
functions remain to be determined.
Both fibronectin and its main cell surface receptor integrin
a5b1 are expressed during condensation and throughout
differentiation (Djouad et al., 2007; Goessler et al., 2009). In
order to assemble cartilage matrix that is rich in type II collagen,
integrins a1b1 and a2b1 – which act as collagen receptors – are
also highly expressed during differentiation (Goessler et al.,
2009). Numerous signaling pathways that lie downstream of
integrins or are activated by chondrogenic factors have been
linked to various stages of this process. Activation of focal
adhesion kinase (FAK) and paxillin occurs during pre-cartilage
condensation (Bang et al., 2000). Extracellular-signal-regulated
kinases 1 and 2 (ERKs1/2, also known as MAPK3 and MAPK1,

Table 1. Changes of main ECM components during chondrogenesis
ECM protein

Mesenchyme

Pre-cartilage matrix

Cartilage matrix

Collagen I
Collagen II
Collagen IX
Fibronectin
Tenascin-C
Aggrecan
Versican

Yes
No
No
Yes
No
No
Yes

Yes
No
No
Yes
Yes
No
Yes

No
Yes
Yes
Yes
No
Yes
Yes
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respectively) are activated by binding of preadipocyte factor 1
(Pref-1, also known as DLK1, a transmembrane protein that
contains EGF-like repeats) to fibronectin, which leads to
upregulation of SOX9 and inhibition of adipogenesis (Wang
et al., 2010). Perhaps ERK signaling is one way by which
fibronectin can modulate a differentiation switch between
lineages. The Rho family of GTPases also responds to adhesion
of the cells to fibronectin-based matrices and has been implicated
in chondrogenesis. Rho has been linked to the regulation of
SOX9 (Kumar and Lassar, 2009; Woods and Beier, 2006; Woods
et al., 2005; Woods et al., 2007a), and the activation of the
GTPase Rac is required for N-cadherin expression during
condensation (Wang et al., 2007; Woods et al., 2007b). The
number of other signaling pathways that control chondrogenic
and osteogenic differentiation shows the complexity of initiating
and regulating these processes (Augello and De Bari, 2010; Beier
and Loeser, 2010; Bobick et al., 2009).
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Fibronectin matrix assembly, chondrogenesis and disease

The ECM, its composition and organization, are central to the
correct development of the skeleton. Numerous genetic diseases
that cause overt defects in the formation and function of skeletal
tissues have been linked to mutations in collagens, proteoglycans,
and other ECM components in humans. Some of these mutations
directly affect ECM assembly, whereas others affect the
production or secretion of ECM components and, thus,
decrease cell viability – which has a more general effect on
skeletogenesis. Mutations in proteins that indirectly contribute to
ECM assembly also cause skeletal defects. Prime examples of
this category include mutations in SOX9 that are responsible for
campomelic dysplasia (Foster et al., 1994), and mutations in
components of the glycosaminoglycan synthesis and processing
pathways that control post-translational modification of key
proteoglycans in developing cartilage and bone (Zak et al., 2002).
Mutations in fibronectin that affect the skeleton have not been
identified in humans, perhaps because severe mutations cause
lethality (George et al., 1993). However, a connection between
fibronectin matrix assembly and early steps in chondrogenesis
has been suggested by the effect of mutations in the
glycosaminoglycan
synthesis
pathways
(Galante
and
Schwarzbauer, 2007). Mutations in human diastrophic dysplasia
sulfate transporter (DTDST, also known as SLC26A2) cause a
variety of skeletal dysplasias, including achondrogenesis and
chondrodysplasias (Rossi and Superti-Furga, 2001). These
mutations reduce sulfate import and thus affect the level of
sulfation on proteins and glycosaminoglycans that are produced

by the affected cells. Mice carrying a knock-in mutation from one
of the human alleles show a partial loss of function of the sulfate
transporter, and this causes defects in chondrocyte size,
proliferation and terminal differentiation (Forlino et al., 2005;
Gualeni et al., 2010). We have linked this gene to fibronectin
matrix assembly in a microarray screen and have shown that
reduced sulfation of proteoglycans and downregulation of the
cell-surface proteoglycan syndecan-2 substantially reduces
fibronectin matrix assembly (Galante and Schwarzbauer, 2007).
This role for DTDST in the production of the fibronectin matrix
raises the possibility that the fibronectin matrix has a role in the
early stages of chondrogenesis and that defects in these early
processes can lead to later skeletal defects.
Fibronectin matrix organization is also affected in mouse limbs
with the conditional knockout of another glycosaminoglycanrelated molecule, exostosin 1 (EXT1), which is involved in
heparan sulfate synthesis (Zak et al., 2002). Differentiation of cells
isolated from EXT1-knockout mouse limbs is impaired in a
micromass culture and, in vivo, fibronectin matrix organization in
the perichondrium is less compact than in wild-type animals,
which correlates with a more diffuse distribution of bone
morphogenetic proteins (BMPs) and glycosaminoglycans in the
matrix (Matsumoto et al., 2010). Mice lacking a related enzyme,
EXT2, also have defects in chondrocyte differentiation (Stickens
et al., 2005). Together these findings indicate that
glycosaminoglycan synthesis and modification pathways are
crucial for establishing the appropriate matrix required for
differentiation. Perhaps defects in these pathways and
downstream perturbations of the matrix initiate a cascade of
changes that ultimately lead to chondrodysplasias or other skeletal
defects.
Does fibronectin have a structural or instructive role
during chondrogenesis?

Given that fibronectin is present before and throughout
chondrogenesis and is also found in the matrices of various
types of cartilage, it seems likely that the fibronectin matrix has a
role in these tissues. One possibility is that fibronectin has a
structural role by providing a scaffold for cell adhesion and
differentiation. Another, not mutually exclusive, possibility is
that fibronectin signals through integrins to activate intracellular
pathways that regulate changes in gene expression during
chondrogenesis. The ERK and Rho GTPase signaling pathways
are downstream of fibronectin and have been linked to
chondrogenesis (Augello and De Bari, 2010; Beier and Loeser,
2010). In addition, fibronectin signals can support cell survival

Chondrogenesis
Mesenchymal cells

Differentiating
chondrocytes

Condensation

Motility
Cohesion

Proliferation
Gene expression

Differentiated
chondrocytes

Collagen assembly

Fig. 2. Potential roles for fibronectin in facilitating progression through the chondrogenesis stages. The principal chondrogenesis steps are illustrated, with
fibronectin (green) and collagen matrices (orange) highlighted. Specific cell activities that might involve fibronectin are indicated in red at each step. Please refer
to the text for further details.
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and growth (Schwartz and Assoian, 2001) and thus might
contribute to cell viability during differentiation and in mature
cartilage. Whereas some information is available about the
signals that regulate chondrogenic differentiation, the
contributions of fibronectin to chondrogenic signaling require
further examination.
Cell condensation involves two processes: the movement of
cells to the aggregation sites and cell cohesion to form and
maintain the aggregate (Fig. 2). A primary function of
fibronectin during embryonic development is to support
mesenchymal cell migration (George et al., 1993). Its presence
in the limb bud mesenchyme is likely to provide a substrate that
allows cells to move and form a pre-cartilage cell aggregate.
Cell–cell connections that are mediated by a fibronectin matrix
are required for tumor cells to adhere to each other in vitro
(Robinson et al., 2004). The assembly of the fibronectin matrix
might have a similar role in limb buds by facilitating aggregate
formation and providing a framework for the organization of
mesenchymal cells in cell aggregates.
As cells shift into the differentiation phase, N-cadherin and
NCAM expression is reduced, which would result in cells being
released from strong interactions with each other. The fibronectin
matrix surrounding the condensed cells (Fig. 1B; Fig. 2) might
serve to maintain cells in close proximity, thus facilitating a cell
organization that is conducive to differentiation. How these cells
maintain a rounded shape while being surrounded by an adhesive
fibronectin matrix might be crucial to the success of this phase of
differentiation.
A final potential role for fibronectin is in the organization of
the cartilage matrix. The fibronectin matrix has been shown to
support deposition of collagens, latent TGF-b-binding protein
(LTBP) and other ECM proteins (Dallas et al., 2005; Hynes,
2009; Kadler et al., 2008; Kutsuna et al., 2011; Parsons et al.,
2011; Singh et al., 2010). Inhibition of fibronectin matrix
assembly or interference with protein binding to fibronectin
severely reduces matrix incorporation of these proteins. This
dependency on fibronectin suggests that the organization of
fibronectin fibrils direct the oriented deposition of cartilage ECM
proteins and, in that way, provide spatial cues in developing
cartilage. Such an instructive role might be particularly important
in the later stages of chondrogenesis and, perhaps, also in mature
cartilage, where fibronectin matrix fibrils might provide a
framework for oriented collagen fibrillogenesis (Kadler et al.,
2008). Whether fibronectin acts as a scaffold for cell organization
or also directs the orientation of collagen and other cartilage
ECM proteins requires further investigation. However, it has
become clear that fibronectin is implicated in events throughout
chondrogenesis and future studies might uncover its specific
functions in this process.
Conclusions and perspectives
As described in this Commentary, there is substantial evidence to
implicate protein components of the ECM in the regulation of
stem cell behaviors. Certain ECM ligands and their receptors
have been linked to lineage-specific differentiation and to the
control of self-renewal. As the composition of the ECM can vary
from tissue to tissue, stem cell decisions could be differentially
affected depending on the location of the niche. The questions of
when, where and how the ECM mediates its effects on stem cell
fate decisions, therefore, require further investigation.
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Using chondrogenesis as an example, we have illustrated how
a single transcription factor (in this case, SOX9) can have a key
regulatory role in stem cell differentiation. SOX9 is expressed in
skeletal precursors and is required to promote the chondrogenic
differentiation pathway while preventing osteogenesis.
Substantial changes in the synthesis of ECM proteins occur
during differentiation and – in chondrocytes – SOX9 regulates
the expression of the main cartilage ECM proteins type II
collagen and aggrecan. However, the possibility that changes in
the interaction of matrix proteins and receptors trigger pathways
that directly control the synthesis or activity of SOX9 needs to be
evaluated.
We know that type I collagen is present early in the
chondrogenic microenvironment and that it is eventually
replaced by collagen II. Fibronectin is upregulated as
condensation occurs and remains at detectable levels
throughout differentiation and beyond. The levels of other
proteins and of proteoglycans also change as cartilage matures.
Some information is available about the ECM signals that
regulate this differentiation process. Specific ECM components
could be responsible for key regulatory steps or the organization
of the ECM that results from coordinated assembly of fibronectin
with collagens and proteoglycans could provide a permissive
environment for differentiation. For example, a fibronectin–
collagen matrix might act as a scaffold for cell organization, thus
providing an architectural context that supports efficient
Box 2: Stem-cell-based therapy for cartilage
regeneration
Damage to cartilage as a result of injury or disease is difficult to
treat because of the limited regenerative ability of cartilage tissue.
Mesenchymal stem cells have the potential to be used in cellbased therapies because they can be induced to differentiate into
cartilage or bone. They also can be propagated in culture, which
contrasts with differentiated chondrocytes, as the latter undergo
de-differentiation in vitro (Schulze-Tanzil, 2009). There was some
success in using mesenchymal stem cells to repair injured articular
cartilage in animal models (see, for example, Wakitani et al.,
1994). However, optimizing the microenvironment with appropriate
ECM proteins and soluble factors to promote chondrogenic
differentiation of implanted stem cells has been a challenge
(Chung et al., 2011). One approach is to use polymer-based,
biodegradable, three-dimensional scaffolds that mimic the
mesenchymal ECM in composition and stiffness. A variety of
polymers including synthetic hydrogels and polysaccharide-based
biological molecules are being used for transplantation
(Sundelacruz and Kaplan, 2009; Vinatier et al., 2009). Gels of
polymeric ECM proteins such as collagen or fibrin and hydrogels
with attached ECM protein fragments have also shown promise as
supports for mesenchymal stem cell differentiation and the
induction of cartilage-specific gene expression (Bosnakovski
et al., 2006; Connelly et al., 2011; Vinatier et al., 2009).
Synthetic materials are also being used to address the problem
of culturing stem cells for the extended periods needed for full
differentiation. For example, incorporation of microspheres that
contain TGF-b or other growth factors into hydrogel scaffolds has
shown some improvement in terms of the quality of the cartilage
matrix (Bian et al., 2011; Park et al., 2011). A deeper
understanding of the functions of the key components of the
chondrogenic microenvironment will be important for future
development of biomaterials for cartilage regeneration.
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differentiation. Understanding the organization and assembly of
the niche microenvironment will not only provide mechanistic
information about stem cell fate decisions but will also be
important for the development of biomaterials for use in cartilage
regeneration in the future (Box 2).
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Canovas, F., Charbord, P., Noël, D. and Jorgensen, C. (2007). Microenvironmental
changes during differentiation of mesenchymal stem cells towards chondrocytes.
Arthritis Res. Ther. 9, R33.
Domogatskaya, A., Rodin, S., Boutaud, A. and Tryggvason, K. (2008). Laminin-511
but not -332, -111, or -411 enables mouse embryonic stem cell self-renewal in vitro.
Stem Cells 26, 2800-2809.
Engler, A. J., Sen, S., Sweeney, H. L. and Discher, D. E. (2006). Matrix elasticity
directs stem cell lineage specification. Cell 126, 677-689.
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