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ECM stiffness primes the TGFβ pathway to 
promote chondrocyte differentiation
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ABSTRACT Cells encounter physical cues such as extracellular matrix (ECM) stiffness in a 
microenvironment replete with biochemical cues. However, the mechanisms by which cells 
integrate physical and biochemical cues to guide cellular decision making are not well de-
fined. Here we investigate mechanisms by which chondrocytes generate an integrated re-
sponse to ECM stiffness and transforming growth factor β (TGFβ), a potent agonist of chon-
drocyte differentiation. Primary murine chondrocytes and ATDC5 cells grown on 0.5-MPa 
substrates deposit more proteoglycan and express more Sox9, Col2α1, and aggrecan mRNA 
relative to cells exposed to substrates of any other stiffness. The chondroinductive effect of 
this discrete stiffness, which falls within the range reported for articular cartilage, requires the 
stiffness-sensitive induction of TGFβ1. Smad3 phosphorylation, nuclear localization, and tran-
scriptional activity are specifically increased in cells grown on 0.5-MPa substrates. ECM stiff-
ness also primes cells for a synergistic response, such that the combination of ECM stiffness 
and exogenous TGFβ induces chondrocyte gene expression more robustly than either cue 
alone through a p38 mitogen-activated protein kinase–dependent mechanism. In this way, 
the ECM stiffness primes the TGFβ pathway to efficiently promote chondrocyte differentia-
tion. This work reveals novel mechanisms by which cells integrate physical and biochemical 
cues to exert a coordinated response to their unique cellular microenvironment.

INTRODUCTION
The extracellular microenvironment is rich in physical cues that, like 
biochemical cues, are powerful regulators of cell behavior. Cells re-
spond to physical cues, such as topography, mechanical stimulation, 
and extracellular matrix (ECM) stiffness, with changes in cell prolif-
eration, migration, apoptosis, and differentiation (Chen et al., 1997; 
Engler et al., 2006; Wang and Thampatty, 2006; Assoian and Klein, 

2008; Geiger et al., 2009). The importance of ECM stiffness in cell 
fate selection is apparent in mesenchymal stem cells, which select a 
neural lineage when cultured on a compliant matrix (1 kPa) but dif-
ferentiate into myotubes on a stiffer matrix (10 kPa; Engler et al., 
2006). Therefore, just as morphogen gradients define boundaries 
and prime cells for lineage selection and differentiation, ECM stiff-
ness refines cellular behavior to match the physical microenviron-
ment. Although cells encounter biochemical and physical cues si-
multaneously, the mechanisms by which this information is 
assimilated to direct cellular responses remain unclear.

Cells maintain homeostasis between ECM stiffness and cy-
toskeletal tension through a tightly controlled hierarchical mechan-
otransduction pathway. Upon integrin binding to ECM ligands and 
the generation of internal cell tension, cells develop focal adhe-
sions, a highly ordered array of proteins including focal adhesion 
kinase (FAK), talin, vinculin, and α-actinin (Miranti and Brugge, 
2002; Geiger et al., 2009; Kanchanawong et al., 2010). These 
proteins interact with small GTPases (i.e., Rho, Rac) and other 
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and mitogen-activated protein kinase (MAPK) pathways, but the 
“canonical” effectors of TGFβ signaling are the R-Smads 2 and 
3 and the common mediator Smad4 (Wrana, 2000). Even before 
phosphorylation by TGFβ receptors, localization and stability of 
Smad2 and Smad3 are regulated through interactions with multiple 
proteins, including microtubules, filamin, and ubiquitin ligases 
(Dong et al., 2000; Lin et al., 2000; Sasaki et al., 2001; Zhang et al., 
2001). The activated TβRI phosphorylates Smad2 and Smad3 on 
the C-terminal domain, causing heteromerization with Smad4 and 
preferential retention in the nucleus, where Smads act as transcrip-
tion factors. For example, in chondrocytes, phosphorylated Smad3 
recruits CBP to activate Sox9-mediated transcription of Col2α1 
(Furumatsu et al., 2005).

TGFβ and mechanotransduction share many effectors and regu-
late many of the same cellular processes. However, the mechanisms 
by which signaling between these two pathways is integrated are 
not well defined in chondrocytes or other cell types. Although a re-
cent study highlights this integration in epithelial mesenchymal tran-
sition in the context of cancer (Leight et al., 2012), these mecha-
nisms may operate in other diseases where both ECM stiffness and 
TGFβ have already been implicated individually, such as liver fibrosis 
and cancer (Tomasek et al., 2002; Ingber, 2003; Paszek et al., 2005; 
Li et al., 2007; Wells and Discher, 2008; Butcher et al., 2009; Hinz, 
2009). In cartilage, understanding the interaction between ECM 
stiffness and TGFβ may elucidate mechanisms that self-promote 
chondrocyte differentiation in development or those that spiral out 
of control in OA. Therefore, using chondrocytes as an experimental 
model, we explore the mechanisms by which cells integrate the 
physical and biochemical cues provided by ECM stiffness and TGFβ, 
respectively.

RESULTS
Chondrocyte differentiation is tuned to an optimal 
ECM stiffness
To determine whether chondrocyte differentiation is sensitive to 
the stiffness of the extracellular microenvironment, we differenti-
ated primary murine chondrocytes and ATDC5 chondroprogenitor 
cells for 2 and 7 d, respectively, on collagen II–coated polyacryl-
amide substrates with stiffnesses that span the range reported for 
articular cartilage (0.2–1.1 MPa; Table 1; Kiviranta et al., 2008; 
Hansma et al., 2009). Substrate stiffness strongly regulated ex-
pression of multiple markers of chondrocyte differentiation, in-
cluding the lineage-specific transcription factor Sox9 and genes 
encoding the major constituents of cartilage matrix—Col2α1 and 
aggrecan. Specifically, in primary murine chondrocytes cultured 
on 0.5-MPa gel substrates, a stiffness similar to that of healthy 
articular cartilage, Sox9, Col2α1, and aggrecan are induced 2-, 
2.5-, and 3-fold, respectively, relative to the plastic control (Figure 
1A). Moreover, these genes are not induced on substrates with a 
stiffness greater or less than 0.5 MPa, demonstrating the specific-
ity of stiffness-induced chondrocyte gene expression. This stiff-
ness-specific induction was even more robust in ATDC5 cells, with 
Sox9, Col2α1, and aggrecan mRNA expression induced 6-, 19-, 
and 16-fold, respectively, on 0.5-MPa substrates relative to the 
plastic control (Figure 1B). These changes in chondrocyte gene 
expression are accompanied by a stiffness-sensitive production of 
proteoglycan in ATDC5 cells, as detected by Alcian blue staining, 
which is also maximal on the 0.5-MPa gel (Figure 1C). Therefore 
chondrocyte differentiation is carefully tuned to the stiffness of the 
extracellular matrix, such that maximal differentiation occurs on 
substrates that mimic the stiffness of native healthy articular 
cartilage.

signaling pathways, facilitating changes in cytoskeletal organiza-
tion, actinomyosin contractility, and cell shape with even small 
changes in matrix compliance (Paszek et al., 2005; Geiger et al., 
2009). Accordingly, distortion of normal ECM stiffness has been 
implicated in many diseases, including cancer and liver fibrosis 
(Paszek et al., 2005; Li et al., 2007; Butcher et al., 2009).

Cells integrate their response to physical and biochemical cues 
to guide cellular decision making. Physical cues, including sub-
strate stiffness, cell shape, or cytoskeletal tension, can radically al-
ter the cellular response to growth factors (Gao et al., 2010; Park 
et al., 2011; Leight et al., 2012; Wang et al., 2012). For example, 
insufficient cytoskeletal tension impairs bone morphogenetic pro-
tein (BMP)–induced osteogenesis, which is sensitive to the activity 
of Rho, an integral part of the mechanotransduction pathway 
(Wang et al., 2012). Among the many effectors shared by biochem-
ical and mechanotransduction pathways, integrins are a prime ex-
ample of molecules that functionally interact with the ECM and the 
cytoskeleton, as well as with growth factors and their receptors 
(Miranti and Brugge, 2002; Munger and Sheppard, 2011). ECM 
stiffness and transforming growth factor β (TGFβ) signaling can 
each direct the localization and activity of the transcriptional co-
regulator TAZ (Varelas et al., 2008; Dupont et al., 2011). Nonethe-
less, the molecular mechanisms by which cells generate an inte-
grated response to biochemical and physical cues are not well 
defined.

As a tissue with a primarily mechanical function—cushioning 
joint surfaces—cartilage is an ideal model for exploring the interac-
tion between physical and biochemical cues. From development—
in which cellular condensations drive mesenchymal precursors to 
select a chondrogenic lineage—to disease—in which osteoarthritis 
(OA) causes the coupled degeneration of cartilage physical and bio-
chemical properties—this tissue is replete with examples of inter-
secting physical and biochemical cues (Setton et al., 1999; Aigner 
et al., 2002; Henderson and Carter, 2002; Shieh and Athanasiou, 
2003). Physical properties of cartilage matrix are carefully defined 
spatially and temporally, facilitating the mechanical and biological 
functions of this tissue. The stiffness of cartilage ECM varies with 
development (up to threefold increase from fetal to adult cartilage; 
Williamson et al., 2001), location (fivefold increase through tissue 
depth and up to threefold increase from pericellular to interterrito-
rial matrix; Akizuki et al., 1986; Setton et al., 1999; Darling et al., 
2010), and disease (twofold decrease in late-stage OA; Kleemann 
et al., 2005). In addition to a mechanical role at the tissue level, we 
hypothesize that, at a cellular level, the stiffness of cartilage ECM 
plays a key role in directing chondrocyte differentiation and homeo-
stasis, possibly by regulating other signaling pathways that control 
chondrogenesis.

The growth factor TGFβ plays a major role in the regulation of 
chondrogenesis. TGFβ induces chondrocyte lineage selection and 
cartilage matrix synthesis while inhibiting terminal chondrocyte dif-
ferentiation and hypertrophy (Blaney Davidson et al., 2007; Derynck 
et al., 2008). The TGFβ pathway is regulated at multiple hierarchical 
levels, several of which intersect with the mechanotransduction 
pathway. The conversion of the TGFβ ligand from a latent to an 
active form can occur by proteolytic cleavage, integrin-mediated 
activation, and cell-generated tension (Munger et al., 1999; Annes 
et al., 2003; Wipff et al., 2007). Once activated, the ligands signal 
through a heterotetrameric complex consisting of two type I and 
two type II serine/threonine kinase receptors, the availability and 
clustering of which are also tightly controlled (Massague, 1998). 
Signaling within the cell can be relayed through many different 
pathways, including Rho/Rho-associated protein kinase (ROCK) 
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Therefore we evaluated the effect of substrate stiffness on chondro-
genic differentiation in the presence or absence of TGFβ, a potent 
biochemical agonist of chondrocyte differentiation (Blaney Davidson 
et al., 2007; Derynck et al., 2008). TGFβ induces the expression 

of Col2α1 and aggrecan in differentiating 
ATDC5 cells grown for 7 d on plastic sub-
strates (Figure 2, A–C). Interestingly, ATDC5 
cells exhibit an equivalent chondroinductive 
response to a 0.5-MPa substrate as to TGFβ 
(Figure 2, A–C). Even these responses, how-
ever, pale in comparison to the strong syner-
gistic induction of Sox9, Col2α1, and aggre-
can expression (9-, 140-, and 70-fold, 
respectively) in TGFβ-treated ATDC5 cells 
differentiated for 7 d on 0.5-MPa substrates 
(Figure 2, A–C). This powerful chondroin-
ductive synergy demonstrates that the cel-
lular response to TGFβ is highly dependent 
on the physical microenvironment.

Mechanosensitive chondroinduction 
is mediated by ROCK signaling
The potent chondroinductive response of 
ATDC5 cells to substrate stiffness provides 
a tractable in vitro model system to explore 
the mechanisms of stiffness-induced chon-
drocyte differentiation. Cells respond to 
substrate stiffness by increasing internal 
cellular tension through stress fiber forma-
tion and cell spreading (Discher et al., 
2005). Although ATDC5 morphology and 
cell spread area do not vary significantly 
across the substrate stiffnesses tested 
(Table 1), stress fiber formation in ATDC5 
cells also increases with substrate stiffness 
(Figure 3B). This suggests that induction of 
chondrocyte differentiation on 0.5-MPa 
substrates is mediated through internal cell 
tension. As key components of the cellu-
lar mechanosensory apparatus, Rho and 
ROCK participate in stiffness sensing in 

Potent chondroinductive synergy between ECM stiffness 
and TGFβ
The cellular microenvironment is rich in both biochemical and physi-
cal cues that can potently regulate differentiation and cell behavior. 

FIGURE 1: Chondrocyte differentiation is stiffness sensitive. Primary murine chondrocytes (A) 
and ATDC5 cells (B) cultured in differentiation media on plastic or polyacrylamide gels of the 
indicated stiffness demonstrate the greatest increase in Sox9, Col2α1, and aggrecan gene 
expression on 0.5-MPa substrates, similar to the stiffness of articular cartilage. (C) Alcian blue 
staining of proteoglycan production, a functional measure of chondrocyte differentiation, reveals 
a significant 3.1-fold increase in stained area for ATDC5 cells grown on 0.5-MPa substrates 
relative to cells grown on plastic. Right, high-magnification images of regions outlined on the 
left. Staining localizes to regions between cells (a single cell perimeter is marked by a dotted 
line). The small box to the bottom left of each image shows background Alcian blue staining of 
control cell-free substrates. *p < 0.05.
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Material
Substrate 

name
Stiffness 

(MPa)

Composition

Collagen  
density (μg/cm2)

Cell characterization

Acrylamide 
(% wt)

Piperazine  
diacrylamide (% wt)

Average cell 
area (μm2)

Average 
roundnessa

Polyacrylamide 
gels

0.2 MPa 0.19 ± 0.03 30 1 1.34 ± 0.72 1062 ± 629 0.67 ± 0.16

0.5 MPa 0.53 ± 0.03 30 2 1.81 ± 1.02 1041 ± 637 0.66 ± 0.16

1.1 MPa 1.11 ± 0.08 30 3 2.05 ± 0.57 1137 ± 820 0.66 ± 0.17

Tissue culture 
plastic

Plastic 106 N/A N/A 1.17 ± 0.12 1113 ± 637 0.63 ± 0.16

Articular  
cartilage

N/A 0.2–1

Polyacrylamide gel substrates are referred to in this article by their average stiffness, measured previously by nanoindentation (values are from Hansma et al., 2009). 
These values span the stiffness range reported for articular cartilage, also measured by nanoindentation (values are from Kiviranta et al., 2008). Collagen density 
between substrates was found to be statistically indistinguishable (p > 0.05). ATDC5 cell morphology was also found to be statistically indistinguishable, given by 
average cell area and roundness.
aVaries from 0 to 1, where 1 = circular.

TABLE 1: Physical characteristics of experimental substrates.
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ductive effect of substrate stiffness occurs through these estab-
lished mechanisms, we treated primary murine chondrocytes and 
ATDC5 cells with the ROCK inhibitor Y27632. On plastic, inhibition 
of ROCK enhances the expression of Col2α1 mRNA after 48 h of 
culture (Figure 3C). However, on a substrate that mimics the stiff-

ness of articular cartilage, ROCK inhibition 
completely represses the induction of 
Col2α1. Similar results are seen in Sox9 
and aggrecan expression. This observation 
confirms the key role for ROCK in the abil-
ity of chondrocytes to sense and respond 
to ECM stiffness.

Mechanosensitive TGFβ1 expression 
promotes chondrogenic differentiation
The effect of ECM stiffness on primary 
murine chondrocytes and ATDC5 gene ex-
pression is apparent within 48 h, when 
Col2α1 mRNA levels are increased in cells 
grown on 0.5-MPa substrates relative to 
those grown on plastic (Figure 3C). At this 
time, TGFβ1 mRNA expression is increased 
threefold in primary murine chondrocytes 
and ATDC5 cells cultured on a 0.5-MPa sub-
strate, a finding confirmed by enzyme-linked 
immunosorbent assay (ELISA) analysis of 
TGFβ1 protein levels in ATDC5-conditioned 
media (Figure 4, A–C). Although others have 
shown that TGFβ1 mRNA and protein ex-
pression are regulated in response to exog-
enous physical stimuli (Streuli et al., 1993; 
Sakai et al., 1998; Li et al., 2010b), to our 
knowledge this is the first report that sub-
strate stiffness can regulate expression of a 
TGFβ ligand.

We assessed the stiffness specificity of 
the induction of TGFβ1 mRNA and pro-
tein. Levels of both TGFβ1 mRNA and 
protein increased with substrate compli-
ance (Figure 4C and unpublished data). 
The ROCK inhibitor Y27632 increased 

part through stress fiber formation (Amano et al., 1997; Maekawa 
et al., 1999). ROCK activity increases with substrate stiffness, such 
that cells cultured on stiffer substrates (i.e., plastic) generate higher 
ROCK activity than cells cultured on more compliant substrates 
(Huang and Ingber, 2005). To determine whether the chondroin-

FIGURE 3: Mechanosensitive chondroinduction is mediated by ROCK signaling. Stress fibers, 
visualized by rhodamine phalloidin (green), are visible in primary chondrocytes (A) and ATDC5 
cells (B) with greater frequency and intensity on substrates with stiffnesses of 1.1 MPa or 
greater. Nuclei are stained with DAPI (red). (C) ROCK inhibition with Y27632 (Y, 10 μM) induces 
Col2α1 in primary chondrocytes and ATDC5 cells differentiated for 24 h on plastic but represses 
induction in cells differentiated on 0.5-MPa substrates. Similar results are seen for Sox9 and 
aggrecan expression. *p < 0.05.
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Mechanosensitive regulation of Smad3 stability, 
phosphorylation, and translocation
We next examined the effect of substrate stiffness on Smad3, a key 
effector of TGFβ signaling that is phosphorylated upon ligand acti-
vation of the TGFβ receptor complex (Wrana, 2000). Although no 
significant stiffness-dependent changes in Smad3 mRNA levels 
were detected (Supplemental Figure S1), Smad3 protein levels were 
consistently elevated in ATDC5 cells grown on 0.5-MPa substrates 
(Figure 5A). Furthermore, even in the absence of exogenously 
added TGFβ, Smad3 phosphorylation on the C-terminal SSXS do-
main was increased on 0.5-MPa substrates relative to that observed 
on either stiffer or more compliant substrates (Figure 5A). In ATDC5 
chondroprogenitor cells, this stiffness-specific increase in Smad3 
phosphorylation mirrored the specific increase in chondrogenic 
gene expression on 0.5-MPa substrates (Figure 1A). From this result, 
it appears that on overly compliant substrates, even in the presence 
of increased autocrine TGFβ1 expression (Figure 4C), the lack of 
chondroinduction might be due to other mechanisms, such as those 
limiting ligand-mediated activation of the downstream effector 
Smad3.

Consistent with its increased phosphorylation, Smad3 preferen-
tially localizes to the nucleus of primary murine chondrocytes and 
ATDC5 cells grown on 0.5-MPa substrates. Nuclear Smad3 localiza-
tion is as frequent in cells grown on 0.5-MPa substrates in the ab-
sence of exogenously added TGFβ as in TGFβ-treated cells grown 
on plastic (Figure 5, B and C). To determine whether this stiffness-
dependent increase in nuclear Smad3 is sufficient to induce transac-
tivation, we assessed the effect of substrate stiffness on the activa-
tion of a classic Smad3-responsive promoter-reporter construct, 
SBE-luciferase (Figure 5D). Transactivation of SBE-luciferase is in-
creased in ATDC5 cells grown on 0.5-MPa substrates relative to 
those grown on plastic. Together these findings suggest that the 
TGFβ pathway exhibits stiffness-sensitive regulation at multiple lev-
els, including posttranscriptional control of Smad3 levels, phospho-
rylation, localization, and transactivation, all of which are maximal in 
chondroprogenitor cells grown on 0.5-MPa substrates that mimic 
the stiffness of healthy articular cartilage.

Synergistic response to TGFβ and substrate stiffness 
requires p38 MAPK but not Smad3
The potent synergistic response of ATDC5 cells to substrate stiff-
ness and exogenously added TGFβ seen in Figure 2 provides an 
ideal model system for the study of the molecular mechanisms by 
which cells integrate signaling from physical and biochemical cues. 
Therefore we sought to determine which of the downstream effec-
tors of TGFβ participate in the chondroinductive synergy between 
exogenously added TGFβ and substrate stiffness. As in Figure 5A, 
Smad3 and phospho-Smad3 levels are increased in ATDC5 cells 
grown on 0.5-MPa substrates relative to those grown on plastic 
(Figure 6A). The addition of TGFβ increased the level of Smad3 
phosphorylation to a similar level regardless of substrate stiffness, 
suggesting that factors in addition to elevated TGFβ1, as in Figure 
4C, are required for synergy. In Smad3 short hairpin RNA (shRNA)–
expressing cells (Figure 6B), induction of Col2α1 by stiffness alone 
is impaired (Figure 6C). However, even with a 70% reduction in 
Smad3 levels, Col2α1 expression in ATDC5 cells is still synergisti-
cally induced by exogenously added TGFβ in ATDC5 cells grown on 
a 0.5-MPa substrate (Figure 6C). In these conditions, Smad2 mRNA 
expression is not increased to compensate for the decreased ex-
pression of Smad3 (unpublished data). Synergy was also unaffected 
in Smad3fl/fl primary articular chondrocytes infected with CRE aden-
ovirus (unpublished data). Therefore the cooperative induction of 

TGFβ1 expression in cells cultured on plastic but had no effect 
on cells grown on 0.5-MPa substrates (Figure 4D), suggesting 
that TGFβ1 expression is induced on compliant substrates due 
to reduced ROCK activity. This stiffness-dependent pattern of 
TGFβ1 gene expression is distinct from that of chondrocyte dif-
ferentiation genes, which is induced specifically on 0.5-MPa 
substrates.

To determine whether the stiffness-sensitive increase in auto-
crine TGFβ1 expression is required for the chondroinductive ef-
fects of the 0.5 MPa substrate, we treated ATDC5 cells with a 
TβRI inhibitor (SB431542) that acts downstream of the TGFβ1 li-
gand. Although baseline levels of Col2α1 in ATDC5 cells cultured 
on plastic were not sensitive to the inhibitor, the induction of 
Col2α1 on 0.5-MPa substrates was diminished by the TβRI inhibi-
tor (Figure 4E). Therefore the chondroinductive response to sub-
strate stiffness requires a mechanosensitive induction of autocrine 
TGFβ1. However, this mechanism alone does not fully explain 
why chondrocyte gene expression is optimal on 0.5-MPa sub-
strates since, on more compliant substrates, TGF-β1 is induced 
but chondrogenic genes are not.

FIGURE 4: Mechanosensitive, ROCK-dependent induction of TGFβ1 
is required for chondroinduction. Within 48 h, TGFβ1 mRNA is 
induced in primary chondrocytes (A) and ATDC5 cells (B) in a 
stiffness-dependent manner. (C) TGFβ1 protein produced by ATDC5 
cells, as assessed in media by an ELISA, increases with decreasing 
substrate stiffness. (D) The expression of TGFβ1 mRNA in ATDC5 cells 
is increased by ROCK inhibition with Y27632 (10 μM) on plastic but is 
unaffected on 0.5-MPa substrates. (E) Induction of Col2α1 mRNA in 
ATDC5 cells cultured on a 0.5-MPa gel is impaired by 24-h exposure 
to SB431542 (5 μM), a chemical antagonist of the TGFβ type I 
receptor. *p < 0.05, †p < 0.01.
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robustly promotes chondrogenic differentia-
tion on substrates that mimic the stiffness of 
healthy articular cartilage.

DISCUSSION
We elucidated mechanisms by which physi-
cal cues provided by a discrete ECM stiff-
ness specifically increase the efficiency of 
chondrocyte differentiation by coordinated 
multilevel regulation of the TGFβ pathway 
(Figure 7). A cartilage-like substrate stiffness 
both enhances chondrocyte gene expres-
sion and primes cells for a robust response 
to the chondroinductive biochemical cue 
TGFβ. In this way, the convergence of chon-
droinductive physical and biochemical cues 
drives a more potent response than either 
cue alone, thereby establishing a microenvi-
ronment that the cells interpret as ideal for 
chondrocyte differentiation. Through ROCK 
signaling, ECM stiffness regulates chondro-
cyte differentiation by promoting autocrine 
TGFβ1 expression on compliant substrates. 
Stiffness-sensitive chondrocyte differentia-
tion requires Smad3, the phosphorylation of 
which is maximal on the same discrete stiff-
ness that optimally induces chondrocyte 
gene expression. In addition to regulating 
TGFβ ligand expression and Smad3 phos-
phorylation, localization, and transactiva-
tion, cells respond to exogenously added 
TGFβ on a cartilage-like stiffness with a p38 
MAPK-dependent synergistic induction of 
chondrocyte gene expression. Therefore, by 
ECM stiffness-dependent calibration of the 
TGFβ pathway, chondrocytes integrate 
physical and biochemical cues to efficiently 
promote cell differentiation.

We find that the cellular response to 
ECM stiffness targets the TGFβ pathway at 
several hierarchical levels. Cellular mecha-
nosensing of ECM stiffness requires the de-
velopment of cytoskeletal tension and the 

activation of Rho/ROCK (Miranti and Brugge, 2002; Assoian and 
Klein, 2008; Geiger et al., 2009; Kanchanawong et al., 2010), a path-
way previously implicated in chondrocyte differentiation (Wang 
et al., 2004; Woods and Beier, 2006). The role of Rho/ROCK signal-
ing in chondrogenesis is complex, such that the effect of ROCK in-
hibition on chondrogenic differentiation is influenced by the cell 
type and the dimensionality of culture, among other factors (Clancy 
et al., 1997; Nofal and Knudson, 2002; Woods et al., 2005; Woods 
and Beier, 2006; Kumar and Lassar, 2009). Like Woods et al. (2005), 
we find that chondrocyte differentiation is ROCK dependent, such 
that inhibition of ROCK enhances differentiation of cells grown on 
plastic but inhibits differentiation in cells grown in more compliant 
conditions (Figure 3C). Our results suggest that there is an optimal 
level of ROCK activity on 0.5-MPa substrates that activates chon-
droinduction, in part, through the induction of TGFβ1 expression on 
compliant substrates. To our knowledge, this is the first report of a 
component of the TGFβ pathway regulated in a stiffness-dependent 
manner. Although the transcriptional mechanisms by which ECM 
stiffness regulates TGFβ1 expression remain to be explored, other 

chondrogenic gene expression between TGFβ and 0.5-MPa sub-
strates occurs through a Smad3-independent pathway.

As a first step in examining the role of another well-known target 
of TGFβ signaling in the synergistic induction of Col2α1, we evalu-
ated the effect of substrate stiffness and TGFβ on p38 MAPK phos-
phorylation. TGFβ rapidly activates the p38 pathway through the 
MAPK kinase kinase TAK1 activation of MKK3/6 (Moriguchi et al., 
1996; Derynck and Zhang, 2003). Phospho-p38 was increased on 
0.5-MPa substrates relative to plastic (Figure 6D). TGFβ-induced 
p38 phosphorylation in ATDC5 cells grown on plastic and on 
0.5-MPa substrates but not in a synergistic manner. Nonetheless, 
p38 is critically involved in synergy since the p38 inhibitor SB203580 
strongly repressed the Col2α1 induction in response to exogenously 
added TGFβ in ATDC5 cells grown on a 0.5-MPa substrate. Whereas 
the p38 inhibitor caused a 2.5-fold repression of Col2α1 expression 
on 0.5-MPa gels alone, it was responsible for a 5-fold repression of 
the synergistic response (Figure 6E). This suggests that p38 partici-
pates in the chondroinductive effects of substrate stiffness and is 
essential for the integration of physical and biochemical cues that 

FIGURE 5: Smad3 phosphorylation, localization, and transcriptional activity are sensitive to 
ECM stiffness. (A) Western analysis of whole-cell lysates from ATDC5 cells cultured as indicated 
for 24 h reveals that C-terminal Smad3 phosphorylation (top) and total protein (middle) are 
increased specifically on a 0.5-MPa substrate, whereas β-actin levels (bottom) remain 
unchanged. (B) Immunofluorescence microscopy allows visualization of stiffness and TGFβ-
sensitive Smad2/3 localization (green) relative to DAPI-stained nuclei (red). (C) Relative to cells 
grown on plastic, a greater percentage of primary chondrocytes and ATDC5 cells have nuclear 
Smad2/3 when grown on 0.5-MPa substrates, particularly in the absence added TGFβ. (D) In 
transiently transfected ATDC5 cells grown for 48 h on 0.5-MPa substrates, the activity of the 
TGFβ-responsive SBE-luciferase promoter reporter construct is increased relative to cells grown 
on plastic. Luciferase activity is normalized to expression of β-galactosidase from a 
cotransfected control construct. *p < 0.05, †p < 0.01.
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the stiffness-specific phosphorylation and 
nuclear localization of Smad3 correlates with 
and is required for the increased Col2α1 ex-
pression on 0.5-MPa substrates. Although 
several mechanisms may contribute to these 
observations, our data strongly suggest that 
autocrine TGFβ1 activity is significantly re-
sponsible for the stiffness-specific increase 
in Smad3 phosphorylation and the resulting 
induction of Col2α1. Treatment with either a 
TGFβ receptor inhibitor or shSmad3 com-
pletely ablates the induction of Col2α1 
gene expression on 0.5-MPa substrates. 
Although collagen II has also been shown to 
induce phosphorylation of Smad2/3 in the 
absence of exogenous TGFβ (Garamszegi 
et al., 2010), collagen II density did not vary 
greatly with substrate stiffness in our 
experiments.

Numerous links between Smad signaling 
and effectors of the mechanosensing path-
way have been identified. Cytoskeletal ten-
sion, generated by either ECM stiffness or 
cell spreading, is sufficient to control the lo-
calization of YAP/TAZ (Dupont et al., 2011), 
transcriptional coregulators that can direct 
nuclear localization of Smad2/3 (Varelas 
et al., 2008). More recently, Wang et al. 
(2012) showed that BMP-inducible nuclear 
translocation of Smad1/5/8 requires suffi-
cient ROCK-dependent cytoskeletal tension. 
ROCK can also enhance the activity of both 
Smad3 and Sox9 by phosphorylation of the 
Smad3 linker region or Sox9 on serine 181 
(Kamaraju and Roberts, 2005; Haudenschild 
et al., 2010). Although the role of ROCK-in-
ducible Sox9 phosphorylation in the chon-
droinductive synergy between ECM stiffness 
and TGFβ remains unclear, this synergistic 
response does require p38 MAPK and func-
tions even with very little Smad3. This is con-
sistent with prior studies showing that TAK1, 
the upstream activator of p38 MAPK, regu-

lates collagen II synthesis in chondrocytes independently of Smad3 
signaling (Qiao et al., 2005). ECM stiffness may also cause differen-
tial utilization of downstream TGFβ receptors or effectors (Blaney 
Davidson et al., 2009; van der Kraan et al., 2009), or it may prime 
chromatin for a more potent TGFβ-inducible transactivation (Mullen 
et al. 2011), mechanisms shown to calibrate the cellular response to 
TGFβ in osteoarthritic chondrocytes or in differentiating stem cells, 
respectively. Additional studies are needed to further investigate the 
synergistic response of chondrocytes to ECM stiffness and TGFβ, 
work that will elucidate new mechanisms by which cells integrate 
physical and biochemical cues to refine and coordinate cell behavior, 
a paradigm that has relevance for cartilage and many other tissues. 
Nonetheless, the present work illustrates that cells respond to a 
chondroinductive physical cue (a cartilage-like substrate stiffness) by 
strategically targeting the activity of a powerful chondroinductive 
biochemical pathway (TGFβ) at multiple hierarchical levels.

The range of stiffnesses present in cartilage varies spatially 
and temporally, such that each may have unique instructive roles. 
Consistent with the stiffness of adult articular cartilage, precommitted 

physical stimuli have been shown to regulate TGFβ1 expression and 
activity. TGFβ1 mRNA expression is induced by shear fluid flow, in 
vitro compressive loading, or culture on floating substrates (Streuli 
et al., 1993; Sakai et al., 1998; Li et al., 2010b). Myocyte stretch in-
duces the release of activated TGFβ1 from the latency-associated 
peptide on stiff substrates (Wells and Discher, 2008; Hinz, 2009). 
Future studies will test the hypothesis that this combination of regu-
latory mechanisms—ECM stiffness-sensitive induction of TGFβ1 
transcription on compliant substrates and posttranslational TGFβ1 
activation on stiff substrates—contributes to the potent stiffness-
specific chondroinduction in ATDC5 cells and primary chondrocytes 
(0.5 MPa).

This hierarchical regulation continues inside the cell, where ECM 
stiffness targets the key TGFβ effector Smad3. ATDC5 cells grown 
on the chondroinductive 0.5-MPa substrates exhibit a specific in-
crease in Smad3 phosphorylation. Phosphorylated Smad3 translo-
cates to the nucleus, where it can bind to Sox9 and enhance CBP 
recruitment to the Col2α1 promoter, where they cooperatively in-
duce Col2α1 transcription (Furumatsu et al., 2005). We found that 

FIGURE 6: Synergy between TGFβ and ECM stiffness requires p38 MAPK but not Smad3. 
(A) Western analysis reveals no substrate stiffness-dependent effect on TGFβ-inducible Smad3 
phosphorylation. (B) Smad3 shRNA treatment achieves 70% reduction of Smad3 mRNA relative 
to ATDC5 cells expressing a scrambled shRNA. (C) shSmad3 impairs the stiffness-sensitive 
induction of Col2α1 mRNA but not the synergistic induction of Col2α1 by TGFβ (5 ng/ml, 24 h) 
and a 0.5-MPa substrate. (D) Western analysis of phospho-p38 and p38 total protein reveals 
increased p38 phosphorylation in ATDCs cultured for 24 h on a 0.5-MPa substrate or in the 
presence of TGFβ (5 ng/ml, 45 min). (E) Synergistic induction of Col2α1 mRNA by a 0.5-MPa 
substrate and TGFβ is greatly reduced upon inhibition of p38 activity by SB203580 (10 μM) 
before a 1-h TGFβ treatment. †p < 0.01.
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2006; Saeki et al., 2007; Chang et al., 2010). Therefore disruption of 
TGFβ signaling impairs ECM stiffness, and, as we show here, disrup-
tion of ECM stiffness alters the level of and cellular response to TGFβ 
signaling. Indeed, in several other diseases, including breast cancer 
and liver fibrosis, the pathological phenotype is accompanied and 
perpetuated by nonphysiologic stiffnesses and abnormal TGFβ 
signaling (Tomasek et al., 2002; Ingber, 2003; Paszek et al., 2005; Li 
et al., 2007; Wells and Discher, 2008; Butcher et al., 2009; Hinz, 
2009). A deeper understanding of the interactions between physical 
and biochemical cues, particularly the mechanisms by which cells 
integrate cues provided by ECM stiffness and TGFβ, may elucidate 
mechanisms of disease and reveal novel therapeutic targets.

MATERIALS AND METHODS
Gel substrate preparation
The elastic modulus of polyacrylamide gel substrates was con-
trolled by varying the concentration of the cross-linker, piperazine 
diacrylamide (Bio-Rad, Hercules, CA 161-0202), from 1–3% (wt/vol), 
while maintaining a constant 30% (wt/vol) concentration of the 
monomer, acrylamide (161, 0140; Bio-Rad), in a solution of 0.01 M 
4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid (HEPES) buffer. 
Polymerization was initiated by 10% (wt/vol) ammonium persulfate 
(APS) added at a 1:200 dilution and enhanced by TEMED 
(161-0801; Bio-Rad) added at a 1:2000 dilution. Before addition of 
APS, the acrylamide mixture was vortexed and degassed for 1 h. 
Gels were polymerized in a 1-mm-thick vertical glass mold and 
then stored in phosphate-buffered saline (PBS) at 4°C. The gels 
prepared in this study ranged in stiffness from 0.2 to 1.1 MPa, 
which spanned the range of articular cartilage (Table 1).

Cell attachment was facilitated by covalently attaching collagen 
II (C9301; Sigma-Aldrich, St. Louis, MO) to the polyacrylamide gel 
as described previously (Reinhart-King et al., 2005), modified to use 
acrylic acid n-hydroxysuccinimide ester (N2; A8060; Sigma-Aldrich). 
A 1.8% (wt/vol) solution of N2 in 50% ethanol was diluted 1:6 into a 
solution containing 0.01% (wt/vol) bisacrylamide (161-0142; Bio-
Rad), 0.17% (wt/vol) Irgacure 2959 (55047962; BASF, Florham Park, 
NJ), and 0.05 M HEPES NaOH (pH 6). Polyacrylamide gel slabs were 
cut into 3-cm-diameter disks with a stainless steel biscuit cutter. The 
gel disks were covered with 200 μl of N2 solution and sandwiched 
horizontally between two large glass slides before exposure to UV 
light (306 nm) for 10 min, followed by rinsing with PBS. Collagen II 
was dissolved in 0.1 M acetic acid at a concentration of 1 mg/ml and 
then diluted 1:100 in 1 M HEPES (pH 8). Each gel was incubated 
with 1 ml of the collagen II solution at 4°C overnight in ultralow-
attachment six-well plates (3471; Costar, Cambridge, MA) with con-
stant agitation. Gel substrates were washed once more with PBS 
and allowed to equilibrate for at least 3 h in media (50/50 DMEM/
F12) at 4°C before seeding of cells. Plastic controls were coated with 
1 mg/ml collagen II in acetic acid diluted 1:100 in sterile water for a 
minimum of 4 h at room temperature. The remaining solution was 
then removed, and the plates were left to dry overnight at 4°C, fol-
lowed by a rinse with PBS before seeding cells.

To determine the collagen II ligand density for each substrate, we 
performed an indirect ELISA on collagen II–coated gels and plastic 
using a primary mouse antibody raised against collagen II (C11C1; 
Development Studies Hybridoma Bank, University of Iowa, Iowa 
City, IA) and an Alexa Fluor 488 goat anti-mouse secondary (A11029; 
Invitrogen, Carlsbad, CA). A dilution series of collagen II coated on 
plastic, prepared as for the experimental conditions, served as a 
standard curve. Fluorescence was measured in a SpectraMax M5 
plate reader (Molecular Devices, Sunnyvale, CA) and normalized to 
the standard curve. The given values are averages of four replicates. 

chondrocytes (ATDC5 chondroprogenitors or primary chondrocytes) 
showed maximal chondrocyte gene expression on 0.5-MPa sub-
strates. More compliant matrices may be more chondroinductive dur-
ing lineage selection, as induction of chondrogenic gene expression 
in MSCs occurs on compliant 1-kPa substrates (Park et al., 2011). 
Indeed, osteogenic differentiation in MSCs has been reported on a 
25-kPa substrate, which is softer than fully mineralized bone matrix 
(Engler et al., 2006). This relationship between ECM stiffness and 
chondrocyte differentiation, also observed in other species (Schuh 
et al., 2010), may be particularly important for understanding OA, in 
which the degradation of cartilage ECM stiffness coincides with the 
loss of chondrocyte homeostasis through mechanisms that are cou-
pled but unclear. Because TGFβ signaling through the p38 MAPK 
pathway is important in vitro and in vivo for chondrocyte maturation, 
proliferation, and survival (Seto et al., 2004; Gunnell et al., 2010; Li 
et al., 2010a), our finding that p38 MAPK is important for of synergy 
between TGFβ and substrate stiffness suggests that coordinated sig-
naling between biochemical and physical cues may be important for 
the maintenance of chondrocyte homeostasis. The ability of ECM stiff-
ness to modulate the cellular response to TGFβ, in particular, may 
elucidate the differential effects of this growth factor on chondrocytes, 
such that it can either promote or deter this degenerative cascade in 
a way that is highly sensitive to the cellular microenvironment (Blaney 
Davidson et al., 2007).

Within and beyond cartilage, the interaction between TGFβ and 
ECM stiffness may form a feedback loop to promote and maintain 
cellular homeostasis and ECM composition. TGFβ plays a primary 
role in regulating ECM composition and stiffness in several tissues, 
including bone, dentin, and skin (Balooch et al., 2005; Arany et al., 

FIGURE 7: Schematic of the mechanism of chondrocyte integration 
of cues provided by ECM stiffness and TGFβ. 1) Chondrocyte 
differentiation is specifically induced on 0.5-MPa substrates. 2) This 
response is mediated through the ROCK pathway. 3) Autocrine 
TGFβ1 expression is required for chondroinduction, the expression of 
which is inhibited on stiffer substrates through a ROCK-dependent 
mechanism. 4) Whereas Smad3 phosphorylation and nuclear 
localization are increased on 0.5-MPa substrates, softer substrates 
that express autocrine TGFβ fail to activate this downstream effector. 
5) Exogenously added TGFβ elicits a synergistic response in 
combination with 0.5-MPa substrates. 6) This synergistic interaction 
acts through a p38-MAPK–dependent mechanism, possibly through 
TGFβ activation of TAK1.
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duplicate, and all results were normalized to the housekeeping gene 
18S or L19. Fold changes in gene expression were calculated using 
the delta-delta Ct method (Livak and Schmittgen, 2001). Figures 
show the mean and SD for two technical replicates in a representa-
tive experiment, each of which was repeated independently at least 
three times. For statistical analysis, average expression and SE of the 
mean were calculated for each condition from multiple biological 
replicates, each of which is an average of two technical replicates. 
ANOVA followed by Student Newman–Keuls test was used to eval-
uate statistical significance.

Alcian blue assay
ATDC5 cells cultured on plastic and gel substrates for 7 d were 
analyzed for proteoglycan production using an Alcian blue assay. 
Collagen II–coated plastic and gel substrates without seeded 
ATDC5s were used as negative controls. All substrates were rinsed 
with cold PBS, fixed for 30 min in 4% Formalin, rinsed with deion-
ized water, equilibrated in 3% glacial acetic acid for 30 min, stained 
with 0.1% Alcian blue dissolved in 3% glacial acetic acid (pH 2.5) 
for 30 min with constant agitation, and rinsed with 3% glacial acetic 
acid three times for 30 min each. Images show the area on each 
substrate with the greatest concentration of staining and are repre-
sentative of three or more biological replicates. Because gel sub-
strates interfered with the traditional spectrophotometric analysis 
of Alcian blue staining, quantitative analysis was performed by 
thresholding across all substrates to select stained regions, from 
which pixel area was calculated. Values reflect mean fold change in 
stained area relative to cells grown on plastic. ANOVA followed by 
the Student Newman–Keuls test was used to evaluate statistical 
significance.

ELISA
Media were harvested from ATDC5 cells cultured on either gel or 
plastic substrates for 48 h as indicated. TGFβ1 levels were analyzed 
using an ELISA kit (MB100B; R&D Systems, Minneapolis, MN) 
according to the manufacturer’s instructions. The kit detects total 
TGFβ1 levels and does not distinguish between active and inactive 
ligands. All data were normalized to cell number and compared 

Collagen densities between substrates were found to be statistically 
indistinguishable through analysis of variance (ANOVA; Table 1).

Cell culture
A majority of the studies used ATDC5 cells, a murine chondropro-
genitor cell line (RCB0565; RIKEN, Wako, Japan). Growth media for 
ATDC5 cells consisted of 50/50 DMEM/F12 with 5% FBS and was 
also used for experiments lasting <48 h. Experiments lasting 7 d 
were performed in differentiation media consisting of growth media 
supplemented with 10 μg/ml insulin (I9278; Sigma-Aldrich), 10 μg/ml 
transferrin (02-0124SA; Life Technologies, Carlsbad, CA), 3 × 10−8 M 
sodium selenite (S5261; Sigma-Aldrich), and 1% penicillin/strepto-
mycin. For Alcian blue staining, differentiation medium was supple-
mented with 25 μg/ml of ascorbic acid (A8960; Sigma-Aldrich).

Primary chondrocytes were isolated from 5-d old-mice, as 
described previously (Thirion and Berenbaum, 2004). Briefly, 
cartilage from the femoral heads, tibial plateaus, and femoral 
condyles was removed, cleaned of all extraneous tissue through a 
serial digestion in cell culture medium consisting of DMEM supple-
mented with 2 mM l-glutamine and 0.5% penicillin/streptomycin, 
with 3 mg/ml collagenase D (11 088 858 001; Roche, Indianapolis, 
IN) twice for 45 min, and finally overnight in cell culture medium 
with 0.5 mg/ml collagenase D. The remaining cell suspension was 
passed through a sterile 48-μm mesh and then plated directly onto 
experimental substrates at a density similar to that of ATDC5 cells 
(6000 cells/cm2). Differentiation experiments were performed 
in media consisting of 50/50 DMEM/F12 supplemented with 
10% FBS, 0.5% penicillin/streptomycin, 10 μg/ml insulin, 10 μg/ml 
transferrin, and 3 × 10−8 M sodium selenite. TGFβ3 (100-36E; 
Peprotech, Rocky Hill, NJ) was used at 5 ng/ml. Cells were treated 
as indicated with the ROCKI inhibitor Y27632 (Y0503; 10 μM; 
Sigma-Aldrich), the TGFβ receptor type I kinase inhibitor SB431542 
(S4317; 5 μM; Sigma-Aldrich), and the p38 inhibitor SB203580 
(559389; 10 μM; Calbiochem, La Jolla, CA).

Cell characterization
Images of ATDC5s attached to each gel substrate and plastic 
were taken with a Zeiss Axiovert 40CFL microscope (Zeiss, Jena, 
Germany) 24 h after seeding. Using ImageJ (National Institutes of 
Health, Bethesda, MD), the outline of each cell was drawn and ana-
lyzed for cell area and roundness (4 × cell area/π × major axis2). Each 
image contained ∼100 cells. Cell confluency in each image was cal-
culated to be <35%. Average roundness and cell area were calcu-
lated for each image and found to be statistically indistinguishable 
through ANOVA. Values given in Table 1 are the averages and stan-
dard deviations for all cells analyzed across three biological repli-
cates for each substrate.

Quantitative PCR
RNA was isolated using RNeasy column purification (74104; 
Qiagen, Valencia, CA). RNeasy lysis buffer was added to both gel 
and plastic conditions, and RNA was isolated according to manufac-
turer’s instructions, including an on-column DNase treatment. The 
concentration and purity of RNA were determined using a Nano-
Drop ND-1000 Spectrophotometer (Thermo Scientific, Waltham, 
MA). Approximately 1 μg of RNA was converted to cDNA in a re-
verse transcription reaction using the iScript cDNA Synthesis Kit 
(Bio-Rad, 170-8891). Quantitative PCR analysis of each sample was 
performed in a C1000 Thermal Cycler with CFX96 Real-Time 
System (Bio-Rad). Forward and reverse intron-spanning primers 
(Table 2) and iQ SYBR Green Supermix (170-8882; Bio-Rad) were 
used to amplify each cDNA of interest. Each sample was run in 

Gene Sequence

Sox9 Forward TCGCCTTCCCCGGGTTTAGAGC

Reverse GGCGGCGGGCACTTAGCAGA

Col2α1 Forward ACGAAGCGGCTGGCAACCTCA

Reverse CCCTCGGCCCTCATCTCTACATCA

Aggrecan Forward GTGAGGACCTGGTAGTGCGAGTGA

Reverse GAGCCTGGGCGATAGTGGAATATA

TGFβ1 Forward AGCCCGAAGCGGACTACTAT

Reverse TCCCGAATGTCTGACGTATTG

Smad3 Forward ACCAAGTGCATTACCATCC

Reverse CAGTAGATAACGTGAGGGAGCCC

L19 Forward ACGGCTTGCTGCCTTCGCAT

Reverse AGGAACCTTCTCTCGTCTTCCGGG

18S Forward GCGGCTTGGTGACTCTAGATA

Reverse GAATCGAACCCTGATTCCC

TABLE 2: Primers for SYBR Green detection of mouse sequences by 
quantitative reverse transcription-PCR analysis.
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Thermo Fisher Scientific, Rochester, NY) with and without TGFβ for 
45 min before harvest. Cells were washed in PBS twice, followed by 
fixation in 4% paraformaldehyde in PBS for 15 min at room tempera-
ture. After three PBS washes, cells were permeabilized in PBS with 
0.5% Triton X-100 for 5 min and washed again (3× PBS). Cells were 
blocked for 1 h (PBS, 10% goat serum, and 0.5% Triton X-100) be-
fore overnight incubation with Smad2/3 antibody (sc8332; Santa 
Cruz Biotechnology) diluted 1:400 in PBS, 2% goat serum, and 3% 
Triton X-100 at 4°C in a humidifying chamber. After three PBS 
washes, cells were incubated with the secondary goat anti-rabbit 
Alexa Fluor 488 (A11034; Invitrogen) diluted 1:400 in PBS with 2% 
goat serum and 1.5% Triton X-100 for 1 h at room temperature, fol-
lowed by another three washes with PBS. Rhodamine–phalloidin 
(R415; Invitrogen) was diluted to 1:800 in PBS and incubated with 
fixed cells for 20 min at room temperature. Finally, cells were 
washed with PBS three times and the well walls removed. For cells 
cultured on glass, the gasket was removed before adding SlowFade 
Gold mounting medium with 4′,6-diamidino-2-phenylindole (DAPI; 
S36939; Invitrogen) and covering it with a coverslip. For cells cul-
tured on gels, the gasket was left attached, and mounting medium 
was added to each gel before applying the coverslip. Cells were 
visualized using an Olympus IX Widefield Microscope (Olympus, 
Tokyo, Japan). Images were processed in ImageJ (National 
Institutes of Health, Bethesda, MD). The averages and standard 
deviations shown in the figure represent the percentage of cells 
with nuclear localized Smad2/3 in several images taken across 
three biological replicates for each substrate. ANOVA followed by 
the Student Newman–Keuls test was used to evaluate statistical 
significance.

with a blank sample containing only media. Figures represent the 
average and SD for three or more biological replicates. Spearman 
rank analysis was used to evaluate the significance of the observed 
trend.

Transfection and luciferase assay
For transient transfection and luciferase assays, cells were seeded 
into six-well dishes and transfected at ∼80% confluency with a total 
of 1 μg of (SBE)4-luc reporter plasmid (Zawel et al., 1998) in 100 μl of 
prewarmed OptiMEM with 5 μl of FuGENE 6 Transfection Reagent 
(11 814 443 001; Roche). All cells were cotransfected with an equiva-
lent amount of total DNA, including 0.5 μg of pRK5-βGal reporter 
construct, which constitutively expresses β-galactosidase (Feng 
et al., 1995). The next day, the media were changed prior to com-
mencement of the indicated experimental conditions. At the com-
pletion of the experiment, cells were washed twice with PBS 
and lysed using 300 μl of Reporter Lysis Buffer (E397A; Promega, 
Madison, WI). Lysates were cleared by centrifugation and assayed 
for luciferase and β-gal activity according to the manufacturers’ pro-
tocols (Promega and Tropix [Bedford, MA], respectively). Luciferase 
is expressed relative to β-galactosidase expression to normalize for 
technical variability. Figures represent averages and standard devia-
tions of three biological replicates. Student’s t test was used to eval-
uate statistical significance.

Smad3 ablation
ATDC5 cells plated in T75 flasks were infected by adding media 
containing lentivirus constructs that express either a pLKO.1 puro 
Smad3 shRNA (NM_016769.2-1430s1c1; Sigma-Aldrich) or a non-
targeting shRNA sequence (SHC002; Sigma-Aldrich), which was 
used as a negative control. Lentivirus was produced in the University 
of California, San Francisco, Lentiviral RNAi Core. The day after 
infection, cells were seeded on to either plastic or gel substrates 
for 8 h before addition of selection media containing 2 μg/ml puro-
mycin. After selection, TGFβ was added as indicated.

Western blot analysis
ATDC5 cells were serum starved (50/50 DMEM/F12, 0.2% fetal bo-
vine serum [FBS]) for 4 h before treatment with TGFβ for 45 min. 
Whole-cell lysates were collected in 1× RIPA buffer (10 mM Tris, pH 8, 
1 mM EDTA, 1 mM ethylene glycol tetraacetic acid, 140 mM sodium 
chloride, 1% Triton X-100, 0.1% sodium deoxycholate, 0.1% SDS) 
supplemented with 5 mM Na3VO4, 10 mM NaPPi, 100 mM NaF, 500 
μM phenylmethylsulfonyl fluoride, and 5 mg/ml eComplete Mini pro-
tease inhibitor tablet (11 836 153 001; Roche). Lysates were sonicated 
three times for 5 s each, clarified by centrifugation, and assessed for 
protein concentration using a Bradford assay. Protein was separated 
on 8.5% SDS–PAGE gels and transferred to nitrocellulose mem-
branes. Blots were probed with the following primary and secondary 
antibodies: β-actin (ab8226; Abcam, Cambridge, MA), Smad2/3 
(sc8332; Santa Cruz Biotechnology, Santa Cruz, CA), pSmad3 (a gift 
from E. Leof, Mayo Clinic, Rochester, MN), p38 (9218; Cell Signaling, 
Beverly, MA), pp38 (9211; Cell Signaling), and anti-mouse and anti-
rabbit secondary antibodies that were conjugated to 680 or 800CW 
IRDye fluorophores detected using a LI-COR infrared imaging system 
(926-68020 and 926-32211; LI-COR Biosciences, Lincoln, NE). Blots 
shown are representative of multiple technical replicates of at least 
two independent experiments for each condition.

Immunofluorescence
Cells were cultured as indicated on collagen II–coated gel or glass 
substrates in eight-well Lab-Tek chamber slides (177402; Nunc/
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