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ABSTRACT 
 
 

The extracellular matrix (ECM) functions hierarchically: macroscopically, it 

supports the tissue under physiologic loading and microscopically, it acts as a physical 

cue for the native cell population.  Combining these perspectives of an orthopedic tissue, 

like cartilage, provides comprehensive knowledge of the tissue as a whole.  In this 

dissertation, PA gels were adapted to study cartilage ECM to understand its function at 

the tissue level and as a physical cue in the cellular microenvironment.  Layered PA gels 

were used to emulate the stratified material properties of articular cartilage and develop a 

mathematical model of the loading behavior of intact stratified materials.   This model, 

when applied to articular cartilage, led to the finding that osteoarthritis results in a loss of 

stratified architecture and an increase in the homogeneity of cartilage ECM.  

Homogeneous PA gels were used in cellular mechanosensing studies as a physical cue to 

determine the effect of ECM stiffness on chondrocyte differentiation.  Chondrocyte gene 

expression in ATDC5 cells, murine chondrocytes, and mesenchymal stem cells were 

specifically induced on substrates that mimicked the stiffness of articular cartilage ECM.  

Addition of exogenous TGFβ to cartilage-like substrates induced a synergistic induction 

in chondrocyte specific gene expression.  Chondroinduction on cartilage-like substrates 

requires autocrine TGFβ1 expression.  Smad3 phosphorylation, nuclear localization, and 

transcriptional activity are also induced on cartilage-like substrates.  When TGFβ is 

added exogenously, synergistic induction of chondrocyte gene expression becomes 

Smad3 independent, acting instead through the p38 MAPK pathway. Combining 

macroscopic and microscopic perspectives of cartilage ECM from this dissertation may 

be parlayed into novel therapies and tissue engineering strategies. 
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CHAPTER 1 
 

Introduction 

 

Osteoarthritis (OA) is a detrimental disease currently affects over 27 million 

Americans (Lawrence et al., 2008).  The disease is marked by cartilage degradation, 

synovial fibrosis, and osteophyte formation in the subchondral bone (Goldring and 

Goldring, 2007).  As cartilage degrades, the material properties of cartilage are 

diminished, including the stiffness, viscoelastic properties, and overall thickness (Knecht 

et al., 2006).  While the true cause of the disease is unknown, OA has both physical and 

genetic risk factors.  Conditions that generate unnatural loading, including obesity, joint 

injury, muscle weakness, and joint malalignment, have been identified as risk factors for 

OA (Aigner and Dudhia, 2003; Goldring and Goldring, 2007; Li et al., 2007a).  Genome 

studies and animal models have also identified specific polymorphisms and mutations 

that increase susceptibility to OA.  Regardless of the impetus, the disease progresses 

similarly, suggesting a common mechanism underlying the development of OA from 

physical or biochemical cues.    

The difficulty in identifying the mechanism of OA is further compounded by the 

strong relationship between the physical and biochemical components of this tissue.  

Cartilage mechanical function correlates strongly with the biochemical structure of the 

extracellular matrix (ECM), composed of a dense mesh of collagen II enclosing large 

proteoglycans, like aggrecan (Knecht et al., 2006).  Negatively charged groups on the 

proteoglycans attract cations, creating a positive osmotic pressure which causes the tissue 
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to swell (Hu and Athanasiou, 2003).  In selective degradation experiments, the two main 

components of cartilage ECM, collagen II and proteoglycans, were found directly 

responsible for the tissue’s dynamic instantaneous and static equilibrium properties, 

respectively (Knecht et al., 2006).  Therefore, the biochemical structure of cartilage 

matrix is tied directly to the mechanical function of the tissue.  

Chondrocytes themselves are also tightly controlled by physical and biochemical 

cues.  Numerous studies have shown that externally applied physical cues, like cyclic 

loading, intermittent hydrostatic pressure, shear and low intensity ultrasound, increase 

chondrocyte proteoglycan production in vitro (Grad et al., 2011; McCormack and 

Mansour, 1998; Nishikori et al., 2002; Parkkinen et al., 1992; Parvizi et al., 1999).  

These physical cues mimic the external forces found in joints under physiological 

loading.  However, even though the mechanical properties of cartilage ECM are known 

to be so important to the tissue’s function under applied load, little is known about how 

these intrinsic physical cues affect chondrocyte behavior. 

In comparison to intrinsic physical cues, far more is understood about 

biochemical regulation of chondrocyte phenotype within the microenvironment.  Among 

the biochemical factors important in cartilage maintenance, TGFβ plays an important role 

in all stages of articular cartilage development (van der Kraan et al., 2009).  TGFβ is the 

earliest signal in chondrogenesis, inducing recruitment, proliferation and condensation of 

chondroprogenitor MSCs (Goldring et al., 2006).  Upon initiation of chondrogenesis, 

TGFβ stimulates anabolic production of cartilage ECM components, like collagen II and 

aggrecan in combination with Sox9, the key transcription factor in chondrogenesis.  

TGFβ induces Col2a1 mRNA by activating Sox9 through CBP/p300 recruitment in a 
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Smad3 dependent manner (Furumatsu et al., 2005).  Aggrecan mRNA expression 

requires Smad2 activation at earlier time points and ERK1/2 and p38 MAPK activation at 

late timepoints, both regulated by TGFβ (Watanabe et al., 2001). 

In late stages of chondrocyte differentiation, TGFβ inhibits progression of 

hypertrophy.  In the growth plate progression of hypertrophy is controlled indirectly by 

TGFβ produced by perichondrium in response to Ihh and Shh, which slows the 

progression of hypertrophy by stimulating production of PTHrP (Alvarez et al., 2002; 

Serra et al., 1999).  Hypertrophy is also directly inhibited by TGFβ directly, through 

Smad2/3 and HDAC4 repression of the Runx2 promoter (Ferguson et al., 2000).  TGFβ 

also negatively regulates hypertrophic genes induced by Runx2, including Collagen X 

and MMP13 (Chen et al., 2012; Zhang et al., 2004).   

The role of TGFβ in OA is complex.  Injection of TGFβ into the knee space 

results in an increase in proteoglycan production and cartilage repair, but also an increase 

in osteophyte formation and synovial thickening.  Studies of osteoarthritic cartilage 

suggest a dramatic reduction in expression of the TGFβ ligand and TGFβ type II receptor 

with disease (Blaney Davidson et al., 2007; Pujol et al., 2008).  Mice lacking Smad3 or 

expressing a dominant negative TGFβ type II receptor develop OA-like symptoms. (Serra 

et al., 1997; Yang et al., 2001).  Moreover, a newly identified syndrome in humans 

caused by mutations in Smad3 leads to early-onset OA, underlining this signaling 

pathway’s importance in healthy cartilage maintenance (van de Laar et al., 2011).  While 

the importance of biochemical cues like TGFβ in chondrocyte differentiation and disease 

has been extensively studied, the role of intrinsic physical cues presented by the cartilage 

ECM in maintenance of healthy cartilage remains elusive. 
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Recently, intrinsic physical cues from the microenvironment, like ECM stiffness, 

have been identified as powerful drivers of cell behavior.  The cellular 

mechanotransduction pathway hinges on a balance of forces between the external stimuli 

in the microenvironment and internal cytoskeletal tension.  Cellular connection to the 

physical microenvironment is mediated through integrin attachment to the ECM.   Upon 

the application of force, integrins cluster to form focal adhesions, which activate actin 

stress fiber formation and other downstream signaling molecules, like FAK, Rho 

GTPases and MAPKs (Geiger et al., 2009; Kanchanawong et al., 2010; Miranti and 

Brugge, 2002).  These signaling molecules convert the physical signal into a biochemical 

response, altering cellular behavior as a result of the external environment.  Cell motility 

is directed toward stiffer substrates in a phenomenon called durotaxis (Lo et al., 2000).  

Cell cycle, proliferation and apoptosis were found to be directed not only by the 

compliance of the extracellular matrix, but also size of attachment area (Assoian and 

Klein, 2008; Chen et al., 1997; Huang and Ingber, 2005; Wang et al., 2000).  

Interestingly, many studies have found that the stiffness of the physical 

microenvironment can direct mesenchymal stem cell differentiation in to several lineages 

(Engler et al., 2006; Leipzig and Shoichet, 2009; Park et al., 2011).  Differentiation can 

be driven toward a particular lineage by presenting a substrate that matches the stiffness 

of physiological microenvironment for that lineage.  For example, neurogenesis is 

promoted on extremely compliant substrates that mimic the stiffness of brain tissue 

(Engler et al., 2006).  This phenomenon is also present in several diseases, including 

cancer and liver fibrosis, in which the disease state is perpetuated by a physical cue in the 

microenvironment (Butcher et al., 2009; Li et al., 2007b; Paszek et al., 2005). 
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Given these observations, it seems likely that the physical microenvironment of 

chondrocytes acts as a signal to maintain the chondrocyte phenotype, and aberrant 

physical cues could result in a development of OA.  Remarkably, chondrocyte 

differentiation in vitro seems to be activated by specific physical conditions.  

Chondrogenesis in MSCs requires 3D culture and a rounded morphology (Guilak et al., 

2009).  Chondrocyte differentiation is activated by culture in agarose, alginate, pellet 

culture, and collagen gels, which induce a rounded morphology and present a stiffness 

that is far more compliant than tissue culture plastic (Benya and Shaffer, 1982; 

Hauselmann et al., 1994; Schulze-Tanzil et al., 2002; Takahashi et al., 2007).  It seems 

likely that a component of the success of these culture methods lies in presenting a better 

representation of the microenvironment, and possibly the physiological stiffness, 

normally found in cartilage ECM. 

Polyacrylamide (PA) gels represent a classical method for simple 

mechanosensing assays across an easily tunable range of stiffnesses (Wang and Pelham, 

1998).  Compared to the culture methods described above, PA gels would easily allow 

application of molecular assays to determining the mechanisms through which stiffness 

might regulate chondrocyte behavior.  However, currently the range of stiffnesses 

afforded by PA gels is overly compliant to properly model the stiffness of cartilage.   

Chapter 3 will delve into the development of novel PA substrates that appropriately 

model the stiffness of articular cartilage ECM. 

Previous research has given hints as to how chondrocyte differentiation may be 

regulated by ECM stiffness.  Many of the same pathways involved in mechanosensing 

have been identified as regulators of chondrocyte differentiation.  ERK1/2 and p83 
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MAPK signaling plays a central role in the induction of chondrogenesis and the 

regulation of aggrecan expression in chondrocyte differentiation (Stanton et al., 2003).  

Inhibition of integrin, actin, FAK, and Rho colocaliztion with nitric oxide inhibits 

proteoglycan synthesis in bovine chondrocytes (Clancy et al., 1997).  Moreover, ROCK, 

the downstream mediator of Rho GTPase, directly phosphorylates Sox9 in chondrocytes 

(Haudenschild et al., 2010).  On overly stiff tissue culture plastic, inhibition of the actin 

cytoskeleton in vitro rescues dedifferentiating chondrocytes, indicated by an increase in 

collagen II and proteoglycan expression (Woods et al., 2007). However, in alginate bead 

or explant culture, disruption of the actin cytoskeleton reduced pericellular matrix 

production and proteoglycan expression, suggesting that the role of actin changes with 

culture conditions (Nofal and Knudson, 2002).  Woods, et al demonstrated that 

Rho/ROCK signaling, which directly mediates actin stress fiber formation, regulates 

chondrogenesis.  However, the effect of Rho inhibition is again dependent on the culture 

condition, increasing chondrocyte-specific gene expression when Rho is inhibited in 

monolayer culture on plastic, but decreasing with Rho inhibition in micromass culture 

(Woods and Beier, 2006).  The array of responses to the loss of these mediators of focal 

adhesions suggests that the chondrocyte phenotype may be tightly regulated by the 

mechanosensing pathway.    

Interestingly, these mechanosensing pathways also intersect with TGFβ, an 

important biochemical cue in articular cartilage.   Integrins and internal cellular tension 

can regulate TGFβ ligand activation (Munger et al., 1999; Wipff et al., 2007).  Once 

activated, the ligand signals through a heterotetrameric complex consisting of two type I 

and two type II serine/threonine kinase receptors, that relay the signal through several 
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pathways.  ‘Canonical’ TGFβ signaling is mediated by R-Smads 2 and 3 and the common 

mediator Smad4 (Wrana, 2000), but TGFβ can also act through many non-Smad 

pathways, including Rho/ROCK and the MAPK pathway, (Derynck and Zhang, 2003).    

The overlapping pathways for TGFβ and mechanosensing mirror the complex interplay 

between physical and biochemical cues in both healthy and osteoarthritic cartilage.  A 

further investigation into the integration of TGFβ with intrinsic physical cues can be 

found in chapters 5 and 6. 

 Therefore, in order to understand the integration between ECM stiffness and 

biochemical cues, like TGFβ, in the regulations of chondrocyte differentiation, we sought 

to (1) determine the mechanisms involved in ECM stiffness regulation of chondrocyte 

differentiation, (2) determine the mechanisms through which ECM stiffness interacts 

with the TGFβ pathway to regulate chondrocyte differentiation, (3) Determine the extent 

to which these interactions differ through development and disease. 
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CHAPTER 2 
 

Materials and Methods 

 

Gel Substrate Preparation: The elastic modulus of polyacrylamide gel substrates was 

controlled by varying the concentration of the crosslinker, piperazine diacrylamide 

(PDA) (Bio-Rad, 161-0202), from 1% to 3% (w/v), while maintaining a constant 30% 

(w/v) concentration of the monomer, acrylamide (Bio-Rad, 161, 0140), in a solution of 

0.01M Hepes buffer.  Polymerization was initiated by 10% (w/v) ammonium persulfate 

(APS) added at a 1:200 dilution and enhanced by TEMED (Bio-Rad, 161-0801), added at 

a 1:2000 dilution.  Before adding APS, the acrylamide mixture was vortexed and 

degassed for one hour.  Gels were polymerized in a 1 mm thick vertical glass mold and 

then stored in phosphate buffered saline at 4°C.  The gels prepared in the studies 

described in this dissertation spanned the stiffness range reported for articular cartilage 

(Table 4.1 and 5.1). 

 

Stratified gel preparation: To construct a stratified elastic modulus gel, a pre-

polymerized “underlying” PA gel was placed in a mold that allowed for the 

polymerization of a thin “superficial” layer of PA.  Compositions of the stratified gels 

can be found in Table 4.2. 
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Measuring stratified material properties by reference point microindentation:  

Reference point microindentation was performed using the Tissue Diagnostic Instrument 

(TDI), an indenter previously validated against established mechanical testing methods 

(Hansma et al., 2009). The TDI concurrently measures force and displacement of a 

magnetically attached probe.  The force generator oscillates at a set frequency of 2 Hz, 

with maximum displacement of 600 µm.  In this study, a type V probe assembly was 

used, which consisted of a flat reference probe and a flat 1 mm diameter cylindrical 

indenter (Supplemental Figure 4.1) (Hansma et al., 2009; Tang et al., 2010).  The 

mechanical tests were performed with the PA gels fully immersed in 0.01M HEPES at 

room temperature. At least 5 cyclic loading curves were sampled at 3 different sites on 

each composite gel.  Proprietary software, included with the indenter, was used to 

determine the elastic modulus using a formula previously derived for indentation with a 

flat-ended cylindrical punch (Hansma et al., 2009; Sneddon, 1965; Tang et al., 2010). 

Measurements at each site were averaged and are represented graphically by a single 

point.  Stratified elastic moduli were compared to moduli of homogeneous gel standards 

using a 95% confidence interval.  Spearman rank correlation test was performed to 

identify a correlation between crosslinker concentration and elastic modulus.  Regression 

analysis and model-fit was performed using Table Curve (Jandal Scientific Software, San 

Rafael, CA). 

  

Specimen Preparation: Human articular cartilage samples were obtained from patients in 

accordance with protocols approved by the Committee on Human Research at the 

University of California, San Francisco.  Tibial plateaus and femoral condyles with the 
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subchondral bone intact were harvested and fresh frozen from a human cadaver (19yo) 

and from human total knee arthroplasty with severe clinically confirmed osteoarthritis (> 

60yo).  Using the type V probe assembly, non-destructive indentation loads were applied 

to cartilage in situ at 2 Hz within a PBS bath.  Three sites each were tested on the 

cadaveric sample and across two osteoarthritic samples.  At least five measurements were 

taken at each site.  Loading curves were obtained from these measurements, and analyzed 

with the software included with the indenter. For statistical analysis of the cadaveric and 

osteoarthritic tissue, the average moduli and standard error of the mean were calculated 

from measurements at multiple sites, each of which is an average of five measurements. 

Student t-tests were used to identify statistical significance between cadaveric and 

osteoarthritic cartilage samples. 

 

Preparing PA Gels for Cell Culture Studies: Cell attachment was facilitated by 

covalently attaching collagen II (Sigma, C9301) to the polyacrylamide gel as described 

previously (Reinhart-King et al., 2005), modified to use acrylic acid n-

hydroxysuccinimide ester (N2, Sigma, A8060).   A 1.8% (w/v) solution of N2 in 50% 

ethanol was diluted 1:6 into a solution containing 0.01% (w/v) bisacrylamide (Bio-Rad, 

161-0142), 0.17% (w/v) Irgacure 2959 (BASF, 55047962), 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 prior to exposure to UV light (306 nm) for 10 

mins, 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 
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incubated with 1 ml of the collagen II solution at 4°C overnight in ultra-low attachment 6 

well plates (Costar, 3471) with constant agitation.  Gel substrates were washed once more 

with PBS and allowed to equilibrate for at least 3 hours in media (50/50 DMEM/F12) at 

4°C before seeding 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 hours at room temperature.  The 

remaining solution was then removed and the plates were left to dry overnight at 4°C 

followed by a rinse with PBS before seeding cells.   

 The composition of PA gels polymerized with 3% (w/v) 2-acrylamido-2-

methylpropane sulfonic acid (AMPSA) (Sigma, 282731) was adjusted to 29.3% 

acrylamide and 2% PDA.  AMPSA is negatively charged and therefore should 

electrostatically attract proteins to the gel surface to facilitate cell attachment.  300 µl of 

collagen II (0.5 mg/ml) dissolved in water was pooled on the top of the AMPSA gel for 1 

hour before cell seeding. 

 To prepare PA gels for protein conjugation with hydrazine hydrate (Sigma, 

225819), gels were cut into 6.5 x 9 cm slabs and placed in a glass container.  PA gels 

were fully immersed in hydrazine hydrate for 4 hours on an orbital shaker and then 

washed with 5% glacial acetic acid.  To remove any trace of hydrazine hydrate, gels were 

washed in sterile water 4 times for 15 mins each on an orbital shaker.  Hydrazine-treated 

gels were stored for up to two months in sterile PBS at 4⁰C.  Prior to the addition of 

collagen II, hydrazine-treated gel slabs were cut with a 3 cm diameter biscuit cutter. 

Collagen II was dissolved in 0.1 M acetic acid at a concentration of 1mg/ml and then 

diluted 1:10 in 50 mM sodium acetate buffer (pH 4.5).  To oxidize the collagen, Sodium 

periodate was added at a concentration of 3.6 mg/ml.  The oxidized collagen solution was 
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diluted 1:5 0.1 M sodium acetate.  305 µl of the oxidized collagen solution was pooled on 

the surface of each gel and incubated at room temperature for 1 hour.  Gels were then 

rinsed with PBS 3 times for 10 mins each, and stored in DMEM/F12 without FBS at 4⁰C 

overnight before cell seeding. Poly-l-lysine (Sigma, P4707) was added to hydrazine-

treated gels at a concentration that matched that normally used for collagen II protein 

conjugation. 

To determine the collagen II ligand density for each substrate, an indirect ELISA 

assay was performed on collagen II coated gels and plastic using an primary mouse 

antibody raised against collagen II (C11C1, Development Studies Hybridoma Bank, 

Iowa) and an Alexa Fluor 488 goat-anti-mouse secondary (Invitrogen, A11029).  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) and normalized to the standard curve.  The given values 

are averages of four replicates.  Collagen densities between substrates were found to be 

statistically indistinguishable through ANOVA analysis (Table 5.1).  

 

Cell Culture: A majority of the studies used ATDC5 cells, a murine chondroprogenitor 

cell line (RIKEN, RCB0565).  Growth media for ATDC5 cells consisted of 50/50 

DMEM/F12 with 5% FBS and was also used for experiments lasting less than 48 hours.  

Experiments lasting 7 days were performed in differentiation media consisting of growth 

media supplemented with 10 µg/ml insulin (Sigma, I9278), 10 µg/ml transferrin (Gibco, 

02-0124SA), 3 x 10-8 M sodium selenite (Sigma, S5261), and 1% penicillin/streptomycin.  
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For Alcian blue staining, differentiation media was supplemented with 25 µg/ml of 

ascorbic acid (Sigma, A8960).   

Primary chondrocytes were isolated from 5 day old mice, as described previously 

(Thirion and Berenbaum, 2004).  Briefly, cartilage from the femoral heads, tibial 

plateaus, and femoral condyles were removed, cleaned of all extraneous tissue through a 

serial digestion in cell culture medium, consisting of DMEM supplemented with 2 mM 

L-glutamine, and 0.5% penicillin/streptomycin, with 3 mg/mL collagenase D (Roche, 11 

088 858 001) twice for 45 mins, 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 on to 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, 3 x 10-8 M sodium 

selenite.   

Mouse mesenchymal stem cells (mMSCs) were isolated from the bone marrow of 

two month old mice.  Differentiation experiments were conducted in chondrogenic media 

consisting of high glucose DMEM supplemented with 1% penicillin/streptomycin, 10 

µg/ml insulin, 10 µg/ml transferrin, 3 x 10-8 M sodium selenite, 50 µg/ml ascorbic acid, 

40 µg/ml L-proline, 0.1 µM dexamethasone, and 110 µg/ml pyruvate. 

Growth media for human mesenchymal stem cells (hMSCs) (Lonza, PT-2501) 

consisted of low glucose DMEM supplemented with 10% FBS, and 1% 

penicillin/streptomycin. Experiments lasting less than 48 hours were conducted in this 

media formulation.  For chondrogenesis experiments hMSCs were cultured in 
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chondrogenic media consisting of high glucose DMEM supplemented with 10% FBS, 1% 

non-essential amino acids, 1% penicillin/streptomycin, 0.01 M Hepes, 10 µg/ml insulin, 

10 µg/ml transferrin, 3 x 10-8 M sodium selenite, 160 µM L-proline, 200 µM ascorbic 

acid, 0.1 µM dexamethasone. 

TGFβ3 (Peprotech, 100-36E) was used at 5 ng/ml.  Cells were treated as indicated 

with the ROCKI inhibitor Y27632 (10 µM, Sigma, Y0503), the TGFβ receptor type I 

kinase inhibitor SB431542 (5 µM, Sigma, S4317), and the p38 inhibitor SB203580 (10 

µM, Calbiochem, 559389).  

 

Cell Characterization: Images of ATDC5 cells and MSCs attached to each gel substrate 

and plastic were taken with a Zeiss Axiovert 40CFL microscope 24 hrs after seeding.  

Using ImageJ, the outline of each cell was drawn and analyzed for cell area and 

roundness (4 x cell_area / π x major_axis2).  Each image contained approximately 100 

cells.  Cell confluency in each image was calculated to be less that 35%.  Average 

roundness and cell area were calculated for each image and found to be statistically 

indistinguishable through ANOVA analysis.  Values given in Table 5.1 are the averages 

and standard deviations for all cells analyzed across 3 biological replicates for each 

substrate. 
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QPCR: RNA was 

isolated using RNeasy 

column purification 

(Qiagen, 74104).  

RNeasy lysis buffer was 

added to both gel and 

plastic conditions and 

RNA was isolated 

according to 

manufacturer’s 

instructions, including an 

on-column DNase 

treatment.  The 

concentration and purity 

of RNA was determined 

using a Nanodrop ND-

1000 Spectrophotometer 

(Thermo Scientific).  Approximately 1 µg of RNA was converted to cDNA in a reverse 

transcription (RT) 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 2.1) and iQ SYBR-Green Supermix (Bio-Rad, 170-8882) were used to amplify 

each cDNA of interest. Each sample was run in duplicate and all results were normalized 

Table 2.1: Primers for SYBR-green detection of mouse 
sequences by quantitative RT-PCR analysis. 
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to the housekeeping genes 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 standard deviation for a representative experiment, each of which was repeated 

independently at least three times. For statistical analysis, average expression and 

standard error of the mean were calculated for each condition from multiple biological 

replicates, each of which is an average of two technical replicates. ANOVA analysis 

followed by Student Newman Keuls test was used to evaluate statistical significance.  

 

Alcian Blue Assay: ATDC5 cells cultured on plastic and gel substrates for 7 days 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 minutes in 4% formalin, rinsed with 

deionized water, equilibrated in 3% glacial acetic acid for 30 minutes, stained with 0.1 % 

Alcian blue dissolved in 3% glacial acetic acid (pH 2.5) for 30 minutes with constant 

agitation, and rinsed with 3% glacial acetic acid 3 times for 30 minutes each.  Images 

show the area on each substrate with the greatest concentration of staining and are 

representative of 3 or more biological replicates.  Because gel substrates 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 analysis followed by the Student Newman Keuls test 

was used to evaluate statistical significance.   
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ELISA: Media was harvested from ATDC5 cells cultured on either gel or plastic 

substrates for 48 hours as indicated.  TGFβ1 levels were analyzed using an ELISA kit 

(R&D Systems, MB100B) according to the manufacturer’s instructions.  The kit detects 

total TGFβ1 levels and does not distinguish between active and inactive ligands.  All data 

was normalized to cell number and compared to a blank sample containing only media.  

Figures represent the average and standard deviation 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 6 well dishes and transfected at approximately 80% confluency with a 

total of 1 µg of a (SBE)4-luc reporter plasmid (Zawel et al., 1998) in 100 µl of pre-

warmed OptiMEM with 5 µl of FUGENE 6 Transfection Reagent (Roche, 11 814 443 

001).  All cells were cotransfected with an equivalent 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, media was changed prior to commencement of the 

indicated experimental conditions.  At the completion of the experiment, cells were 

washed twice with PBS and lysed using 300 µl of Reporter Lysis Buffer (Promega, 

E397A).  Lysates were cleared by centrifugation and assayed for luciferase and β-gal 

activity according to the manufacturers’ protocols (Promega and Tropix, respectively).  

Luciferase is expressed relative to β−galactosidase expression to normalize for technical 

variability.  Figures represent averages and standard deviations of three biological 

replicates.  Student’s t test was used to evaluate statistical significance.   
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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 

(Sigma, NM_016769.2-1430s1c1) or a non-targeting shRNA sequence (Sigma, SHC002), 

which was used as a negative control. Lentivirus was produced in the UCSF Lentiviral 

RNAi Core.  The day after infection, cells were seeded on to either plastic or gel 

substrates for 8 h prior to addition of selection media containing 2 µg/ml of puromycin.  

Following selection, TGFβ was added as indicated. 

Western Blot Analysis: ATDC5 cells were serum starved (50/50 DMEM/F12, 0.2% FBS) 

for 4 hours prior to treatment with TGFβ for 45 minutes.  Whole cell lysates were 

collected in 1x RIPA buffer (10 mM Tris pH 8, 1 mM EDTA, 1 mM EGTA, 140 mM 

sodium chloride, 1% Triton X100, 0.1% sodium deoxycholate, 0.1% SDS) supplemented 

with, 5mM Na3VO4, 10mM NaPPi, 100mM NaF, 500μM PMSF, and 5mg/ml eComplete 

Mini protease inhibitor tablet (Roche 11 836 153 001).  Lysates were sonicated three 

times for 5 seconds 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 membranes.  Blots were probed with the following 

primary and secondary antibodies: β-actin (Abcam, ab8226), Smad2/3 (Santa Cruz, 

sc8332), pSmad3 (a gift from Dr. E. Leof), p38 (Cell Signaling, 9218), pp38 (Cell 

Signaling, 9211), and anti-mouse and anti-rabbit secondary antibodies that were 

conjugated to 680 or 800CW IRDye fluorophores detected using a Licor infrared imaging 

system (Licor, 926-68020 and 926-32211). Blots shown are representative of multiple 

technical replicates of at least 2 independent experiments for each condition.  
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Immunofluorescence:  Cells were cultured as indicated on collagen II-coated gel or glass 

substrates in 8 well Lab-Tek chamber slides (Nunc, 177402), with and without TGFβ for 

45 mins prior to harvest.  Cells were washed in PBS twice, followed by fixation in 4% 

paraformaldehyde in PBS for 15 min at room temperature.  After three PBS washes, cells 

were permeabilized in PBS with 0.5% Triton X-100 for 5 mins and washed again 

(3xPBS).  Cells were blocked for 1 hour (PBS, 10% goat serum, and 0.5% Triton X-100) 

prior to overnight incubation with Smad2/3 antibody (Santa Cruz, sc8332) 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 (Invitrogen, A11034) diluted 1:400 in PBS with 2% goat serum and 1.5% Triton X-

100 for 1 hour at room temperature, followed by another three washes with PBS.  

Rhodamine phalloidin (Invitrogen, R415) 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 DAPI (Invitrogen, S36939) and 

covering it with a coverslip.  For cells cultured 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.  Images were processed in Image 

J.  The averages and standard deviations shown in the figure represent the percentage of 

cells with nuclear localized Smad2/3 in several images taken across 3 biological 

replicates for each substrate. ANOVA analysis followed by the Student Newman Keuls 

test was used to evaluate statistical significance. 
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CHAPTER 3 
 

Development of Cell Culture Substrates that Mimic the Stiffness Articular Cartilage 

 

Introduction 

 Physical cues are powerful drivers of cell behavior.  Fluid flow, cyclic stretch, cell 

shape, topography, and ECM stiffness can direct cellular behavior in a manner that 

mirrors biochemical regulation (Assoian and Klein, 2008; Chen et al., 2001; Engler et al., 

2006; Geiger et al., 2009; Wang and Thampatty, 2006).  Specifically, the physical cue of 

stiffness has been shown to regulate migration, through durotaxis, cell proliferation, 

differentiation, and disease state (Assoian and Klein, 2008; Engler et al., 2006; Paszek et 

al., 2005; Wells, 2008).  Notably, the ECM stiffness of several tissues activates the 

differentiation of its native cell type (Engler et al., 2006; Flanagan et al., 2002; Georges 

and Janmey, 2005).  For example, myocyte differentiation is induced by culture on a ~10 

kPa substrate, which mimics the stiffness of muscle tissue (Georges and Janmey, 2005).  

Cartilage ECM stiffness is highly specified, affording it resilience under a variety of 

loads in the articulating joints.  As with other tissues, cartilage ECM stiffness likely acts 

as a physical regulator to influence chondrocyte differentiation.   

In studying a cellular mechanosensing mechanism, it is of the utmost importance 

to understand the mechanics of the tissue to be modeled.  Refined understanding of the 

physical cue and the mechanics of the tissue to be studied is important to correctly 

interpret the results of cellular mechanosensing studies.  Cartilage is a relatively simple 

tissue, its matrix composed of only a few major components lacking blood vessels or 

other complex architecture, and housing a single cell type (Hu and Athanasiou, 2003).  
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However, the mechanics of cartilage ECM are complex.  It is viscoelastic and highly 

strain rate dependent; therefore it’s dynamic elastic modulus is 10-20 fold higher than its 

static equilibrium modulus (Kiviranta et al., 2008; Knecht et al., 2006; Setton et al., 

1999). As we wish to study the mechanisms involved in passive regulation of 

chondrogenic differentiation by the ECM in the absence of loading, the stiffness under 

static loading is the more appropriate parameter to model.  Moreover, the stiffness is also 

affected by the length scale of the testing regimen.  The stiffness measured at the 

micrometer scale is 10-fold greater than at the nanometer scale (Stolz et al., 2009).  The 

length scale at which a cell sense stiffness, while still under debate, is believed to be 10-

100 µm (Buxboim et al., 2010; Lin et al., 2010).  Therefore, we believe measurements of 

the mechanical properties of cartilage ECM at the microscale may represent the best 

representation of the forces felt by chondrocytes in vivo under static conditions.  When 

the work described in this dissertation began, there were no studies of how substrate 

stiffness affected chondrocyte differentiation.  The substrates normally used to study 

mechanosensing mechanisms were far too compliant to model the stiffness of articular 

cartilage. Therefore, a substrate was needed that spanned the stiffness range of cartilage 

(~0.5 MPa)(Kiviranta et al., 2008).    

In this chapter, I will describe the development of polyacrylamide (PA) substrates 

with stiffnesses in the MPa range in order to model the mechanical behavior of cartilage 

ECM and study the mechanisms through which stiffness primes the TGFβ pathway to 

regulate chondrocyte differentiation. 
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Results 

Piperazine diacrylamide PA gel properties 

PA gels are an established substrate used in cellular mechanosensing studies.  Normally, 

PA gels are crosslinked with bisacrylamide, but this gel composition can only reach a 

stiffness of 10 kPa (Griffith and Swartz, 2006), well below the MPa range required for 

modeling cartilage ECM (Kiviranta et al., 2008).  In order to model the stiffness of 

articular cartilage, gels that can obtain stiffnesses into the MPa range are required.   

 Piperazine diacrylamide (PDA) is a crosslinker normally used in SDS-PAGE gels 

to reduce pore size and increase the gel’s mechanical strength without significantly 

affecting polymerization protocols (Wiersma et al., 1994).  Gels polymerized with PDA 

have been used to make gels with stiffnesses of up to 20 MPa (Wiersma et al., 1994).  

PDA was therefore incorporated into the PA gels used in this study to achieve stiffnesses 

in the MPa range.  

The common protocol for preparing PA gels for cellular mechanosensing studies 

calls for the gels to be polymerized as a very thin layer attached to a coverslip activated 

by aminopropyl trimethoxysilane (Damljanovic et al., 2005).   However, gels 

polymerized with PDA swell considerably after polymerization and will completely 

detach from their coverslip backing within a few hours.  Coverslips aid in the 

manipulation of very compliant gels, but the gels produced with PDA are of such a robust 

stiffness that there is no need for a rigid support.  Therefore, PDA gels were polymerized 

as a slab in 1mm thick vertical glass mold and cut to fit 6 well plates with a 3 cm biscuit 

cutter.  PDA gels prepared in this manner were robust and easily manipulated with 

tweezers without a coverslip backing. 
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Identifying the stiffness of PDA polyacrylamide gels 

The stiffnesses of PDA gels of various compositions were tested using several 

mechanical testing regimens.  As expected the elastic moduli of the PDA gels increased 

with increasing crosslinker concentration (Figure 3.1).  Similar results were obtained for 

both static (nanoindentation, AFM, unconfined compression) and dynamic 

(microindentation) loading on PDA gels suggesting that the gels were extremely elastic 

and strain rate had very little effect on its mechanical properties.  This is in stark contrast 

with cartilage, which varies with the stain rate (Kiviranta et al., 2008; Knecht et al., 

2006).  As all cellular differentiation studies will be done under static conditions the PA 

gel stiffness measured by a static testing regimen will be matched to the same property in 

articular cartilage.   

 Several testing regimens at different length scales were used to identify the 

stiffness of PDA gels.  The stiffness measured by nanoindentation was selected as the 

most relevant because it is measured at the microscale, similar to the length scale at 

Figure 3.1: PA gel stiffness determined by several mechanical testing methods.  
PA gel stiffness was measured using microindentation, unconfined compression, 
atomic force microscopy, and nanoindentation.  Increasing the crosslinker 
concentration increased PA gel stiffness. 
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which cells mechanosense their microenvironment (Buxboim et al., 2010; Lin et al., 

2010).  PDA gels with stiffnesses that fell within the range reported for articular cartilage 

as measured by nanoindentation were selected for cellular mechanosensing studies.   It is 

important to note that PDA gel stiffness is affected by temperature and osmolarity of the 

surrounding solution (Damljanovic et al., 2005).   

 

Preparing PA gels for ligand attachment 

PA gels, originally used to separate protein samples for western blots, are resistant 

to protein attachment.  To facilitate cellular attachment, ligands must be covalently 

bonded to the surface of a PA gel.  There are currently several methods to chemically 

bond ligands to the surface of PA gels.  For a list of the most common methods see 

(Kandow et al., 2007).  Only a few were investigated in this dissertation.  First, gels were 

polymerized with 2-acrylamido-2-methylpropane sulfonic acid (AMPSA), which is 

negatively charged.  Incorporation of AMPSA should electrostatically attract proteins to 

the gel surface without requiring a conjugation reaction (de Rooij et al., 2005; Kandow et 

al., 2007).  However, in our hands, cell attachment using this approach was poor (Figure 

3.2).   

 A second method of protein conjugation investigated for this dissertation was the 

hydrazine method (Damljanovic et al., 2005; Kandow et al., 2007).  Hydrazine converts 

acrylamide within the gel into hydrazide groups that react with aldehydes and ketones on 

oxidized collagen, forming a chemical bond.  This method is relatively simple, requiring 

submersion of a prepolymerized gel slab in hydrazine for 4 hours.  While the acrylamide 

groups on the surface of the gel were expected to convert to hydrazide groups, gels that 
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were broken or cut after the hydrazine treatment revealed that the conversion occurred 

through the entire thickness of the gel.  Although this method was robust and simple, it 

proved to be unreliable.  Successful protein conjugation required several chemical 

reactions: conversion of acrylamide into hydrazide groups with hydrazine, oxidation of 

the ligand to form aldehydes and ketones, and reaction of the hydrazide groups with the 

oxidized ligand to form a covalent bond.  If protein conjugation was unsuccessful, and 

cellular attachment was poor, there was no indication as to which of these reactions had 

failed, making the protocol difficult to troubleshoot.  Moreover, hydrazine is highly 

flammable and toxic, requiring thorough rinsing to remove any trace of hydrazine before 

cell seeding. 

 The protein conjugation protocol we ultimately selected to facilitate cellular 

attachment is based on a method using N-succinimidyl ester of acrylaminohexanoic acid 

(N6) described in Reinhart-King et al. and adapted by the Weaver lab (Kandow et al., 

2007; Reinhart-King et al., 2005).  The selected protocol substituted acrylic acid n-

hydroxysuccinimide ester (N2) for N6, as N2 is similar to N6 and commercially 

available.  N2 polymerizes to the surface of the gel when combined with bisacrylamide 

and Irgacure and exposed to UV light.  To improve reaction efficiency the concentrations 

Figure 3.2: PA gel protein conjugation method comparison. Protein conjugation methods 
were compared to plastic controls.  PA gels polymerized with AMPSA and PA gels treated with 
hydrazine and poly-L lysine had poor cell attachment compared to gels treated with hydrazine 
and collagen II. 
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of N2 and Irgacure were increased to improve ligand binding and increase the speed of 

the reaction.  The n-hydroxysuccinimide ester (NHS) group of N2 reacts with amine 

groups on proteins forming a covalent bond between the ligand and the gel under basic 

conditions.  Therefore, this method requires no pretreatment of the ligand to prepare it for 

the conjugation reaction.  With fewer reactions, this protocol is easier to troubleshoot and 

far more reliable.  Moreover, as only a small amount of N2 solution is used on the surface 

of the gel, less rinsing is required to clean the gel before cell seeding. 

 

Ligand Selection 

As the N2 method allows almost any protein to be covalently bonded to the surface of the 

PDA gel, the attachment ligand had to be carefully selected to provide good attachment 

and optimize chondroinduction on the substrate.  The most common protein used in 

mechanosensing studies is collagen I.  However, collagen I has been shown to promote 

dedifferentiation in chondrocytes (Nehrer et al., 1997; Veilleux et al., 2004).  Therefore, 

even though collagen I may be a common choice among mechanosensing studies, it was 

excluded for this study.  Poly-L-lysine (PLL) is also a common cell attachment ligand; 

however, PA gels conjugated with (PLL) resulted in poor attachment (Figure 3.2).  

Because of its chondroinductive properties, collagen II was selected as the gel ligand.  

Collagen II is similar to collagen I, making it an easy substitute for many ligation 

reactions that call for collagen I.  Exceptional cell attachment was achieved on gels 

conjugated with collagen II, comparable to that on tissue culture plastic (Figure 3.2).   

Although cells will not attach to PA gels without a ligand present, we have found 

cells will adhere, although weakly, to gels that have been coated with collagen in the 
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absence of protein 

conjugation or AMPSA 

incorporation.  In an 

experiment to troubleshoot 

protein conjugation methods, 

collagen II was added to a PA 

gel that had not been treated 

with hydrazine.  The expected 

result was no cell attachment, 

however, cells did adhere at 

first and gradually detached 

over time (Figure 3.3).  A 

similar result was seen on PA 

gels treated with FBS in the 

absence of ligand coating or protein conjugation (data not shown).  Therefore, it seems 

that ECM proteins in the FBS will weakly adhere to the PA gel and allow transient cell 

attachment.  This also suggests that even with proper protein conjugation, treating gels 

with FBS prior to cell seeding may weaken cell attachment because of the availability of 

non-covalently linked proteins.  Moreover, an overabundance of collagen II, that 

overwhelms the available N2 groups leaving excess weakly-adhered collagen, would 

have a similar negative effect on cellular attachment.  Therefore, care should be taken in 

adjusting collagen II concentration for cell mechanosensing studies.  It is important to 

note that along with inaccurate measurement, dissolving lyophilized proteins, especially 

Figure 3.3: Passive protein coating allows weak and 
transient cell attachment to PA gels. Hydrazine-treated PA 
gels were coated with either oxidized collagen II (which 
allows formation of a covalent bond) or untreated collagen II 
(passively coated).  ATDC5 cells adhered to both gels on day 
1, but cells attached to the passively coated gel gradually 
detached by day 5. 
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collagen, in solutions at room temperature can lead to loss of protein to the container and 

therefore inaccurate concentrations.  To ensure accuracy of prepared solutions, add 

lyophilized collagen to solvents kept at 4⁰C. 

 

Molecular biology methods applied to PDA gels 

As a result of several noted complications in working with PDA gels, a few adjustments 

were made to adapt molecular biology methods to this cell culture system.  PDA gels will 

absorb and retain cell culture media during culture.  Even after thorough rinsing, PDA 

gels retain excess media, which leaches out during RNA or protein harvest.  Media 

contamination is known to adversely affect RNA isolation, therefore, while RNA was 

successfully isolated from PDA gels using both QIAGEN RNeasy and Trizol Purelink 

protocols, care should be taken to rapidly harvest cells from gel substrates to minimize 

media contamination.  For protein isolation, media contamination is not as detrimental, 

but lysate volume does increase on gel substrates from media leaching if cells are not 

isolated rapidly.   

Alcian blue stains are also adversely affected by media retention in PDA gels, 

specifically because the phenyl red creates a background on gels substrates that makes 

comparisons with plastic controls difficult.  Using a phenyl red-free media avoids this 

background issue, but a cell-free gel substrate should still be used as negative controls to 

identify the level of background staining.  Moreover, Alcian blue is a pH sensitive dye 

that requires a pH of 2.5 to effectively stain proteoglycans.  During the fixation in 

preparation for Alcian blue staining, gels will absorb and retain formaldehyde, which, 

with its high pH, will shield proteoglycans on the gel surface from being stained 
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effectively.  Soaking gel substrates in glacial acetic acid (pH 2.5) for 30 mins after 

fixation but before Alcian blue staining will reduce the pH and eliminate the shielding 

effect, allowing accurate staining. 

Spinfection, the process of using centrifugation to speed viral infection, has failed 

on gel substrates several times, possibly because the viral particles are absorbed into the 

gel without successful infection.  It is advised that cells should be pre-infected on tissue 

culture plastic before seeding on gel substrates to achieve more efficient infection. 

Due to the thickness of the PA gels, mounting for immunofluorescence imaging is 

cumbersome.  Using a chamberslide with a 1mm thick gasket allows the gels to be 

mounted between a coverslip and glass slide, creating a compartment that securely 

mounts the gels and shields against drying.  It is also important to note that the gels 

fluoresce when exposed to certain excitation wavelengths (particularly 540-560 nm).  

Therefore, an IgG control must be set up for each condition to allow comparison between 

gel substrates and plastic controls.   
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Discussion 

 In summary, we have developed a cell culture substrate that closely mimics the 

stiffness of articular cartilage by substituting piperazine diacrylamide for the normal 

crosslinker, bisacrylamide.  Several ligation methods were explored and the N2 method 

was determined to be the most reliable.  Collagen II was selected as the most appropriate 

ligand for cell mechanosensing studies in chondrocytes.   

 The PA gels developed in this chapter are versatile and mechanically robust, 

allowing mechanistic studies in the range reported for articular cartilage. However, there 

are several limitations to this culture system.  First off, as PA gels resist protein coating, 

culture on these substrates hinges on successful protein conjugation methods which, as 

described previously can be very cumbersome. Moreover, PA gels require that cells be 

cultured in monolayer.  The toxicity of unpolymerized acrylamide and the heat generated 

during polymerization makes embedding cells in PA gels impossible.  2D culture, while 

ideal for many molecular biology assays, is not necessarily representative of the 3D 

environment present in vivo (Baker and Chen, 2012; Janmey and Miller, 2011).   

 The following chapters will use these newly developed PA gels to study the 

mechanical properties and cellular mechanosensing mechanisms of articular cartilage. In 

Chapter 4, layered PA gels are used to model the stratified moduli of articular cartilage.  

In Chapters 5 and 6, ATDC5s, primary murine chondrocytes, and hMSCs are cultured on 

homogeneous PA gels to identify the mechanisms through which substrate stiffness and 

TGFβ interact to direct chondrocyte differentiation and chondrogenesis. 
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CHAPTER 4 
 

Depth-Dependent Modulus of Articular Cartilage Approaches Homogeneity with 

Osteoarthritis  

 

Introduction 

The unique structure and composition of articular cartilage affords it resilience 

under the multifaceted loads in the articulating joints.  Negatively charged proteoglycans, 

enmeshed in a collagen network maintain positive fluid pressure by attracting solutes, 

affording cartilage resilience even after prolonged loading (Kwan et al., 1984).   This 

highly specified extracellular matrix is also inhomogeneous, consisting of layered 

variations in its composition and microstructure through its depth from the surface of 

articular cartilage to the bone cartilage interface (Matukas et al., 1967). The mechanical 

behavior of cartilage is determined by its matrix composition and organization, and 

therefore these stratified microstructural zones provide the tissue with varying elastic 

moduli which increase through the depth of the tissue (Broom, 1984; Kempson et al., 

1970; Wilson et al., 2007).  Each zone affords cartilage resistance to a particular kind of 

loading, from shear stress by the collagen-rich superficial zone to sustained loads by the 

proteoglycan-rich deep zone (Kempson et al., 1970; Klein et al., 2003; Roth and Mow, 

1980; Woo et al., 1980). Therefore, stratification, in matrix composition and in elastic 

modulus, allows articular cartilage to function under variety of loads.  

Osteoarthritis (OA), a disease that currently afflicts 50 million Americans, is 

characterized by pronounced structural change in articulating joints, including an 
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increased subchondral plate thickness and marked degradation of articular cartilage 

(Blaney Davidson et al., 2007; Goldring and Goldring, 2007; Kleemann et al., 2005; 

Wang et al., 2011a).  In studies of either osteoarthritic or enzymatically digested 

cartilage, the material properties, both elastic and viscoelastic, strongly correlate with the 

progression of the matrix degradation (Knecht et al., 2006).  Particularly, the change in 

the elastic modulus of cartilage has been reported to coincide with a loss of proteoglycan 

content within the extracellular matrix (ECM) (Kiviranta et al., 2008; Kleemann et al., 

2005).   

The degradation of cartilage matrix material properties with OA is usually 

determined by macroscopic testing or high resolution AFM-based indentation, both of 

which fall short of identifying changes in the stratified structure of cartilage ECM 

(Darling et al., 2010; Imer et al., 2009; Kleemann et al., 2005; Knecht et al., 2006; Li et 

al., 2006; Stolz et al., 2009).  A few pioneering studies have successfully assessed the 

stratified modulus of healthy articular cartilage, primarily by optically tracking individual 

chondrocytes as the tissue is compressed (Chen et al., 2001; Chen et al., 2001; Guilak et 

al., 1995; Schinagl et al., 1997; Wang et al., 2002; Wang et al., 2001). Although these 

previous studies have shown that cartilage deformation and strain vary with depth, to our 

knowledge there is no testing method that allows the direct identification of the modulus 

of each layer of articular cartilage in situ.  Moreover, the effects of OA on the depth-

dependent moduli of articular cartilage remain to be described. 

In order to further understand the stratified depth-dependent behavior of cartilage, 

we propose a new constitutive relationship, calibrated using a stratified gel system with 

known depth-dependent mechanical properties, to determine the modulus changes in situ 
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in multilayered materials.  This approach will allow us to test our hypothesis that 

osteoarthritis diminishes the stratified material properties of cartilage ECM.  
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Results 

Identifying the elastic m odulus of intact stratified gels.    

In order to model the elastic modulus of articular cartilage, polyacrylamide gels 

were developed that spanned a range of moduli from 0.2 to 1 MPa (Table 

4.1).  Homogeneous PA gels with this range of 

compositions have been used previously as 

standards for cartilage material properties (Hansma 

et al., 2009; Li et al., 2011).  In order to determine 

if the elastic modulus of an underlying layer could 

be accurately measured by microindentation, four 

stratified gels were prepared; their composition is 

described in Table 4.2.  The superficial layer was always prepared with a crosslinker 

concentration at or below that of the 

underlying layer, producing a compliant 

superficial layer over a stiffer underlying 

layer (Figure 4.1A).  A typical force 

displacement curve of a stratified gel is 

represented in Figure 4.1B, whereas a 

representative force displacement curve of a 

homogeneous gel is shown in the inset.  The stratified gels appear to behave like two 

springs in series, with the apparent modulus (proportional to the slope of the loading 

curve) shifting from that of the compliant superficial gel to that of the stiffer underlying 

Table 4.2: Composition of stratified 
polyacrylamide gels. Stratified 
polyacrylamide gels were assembled from gels 
with identical compositions to the 
homogenous gel standards. 

Table 4.1: Elastic moduli of 
homogeneous polyacrylamide gels.  
The elastic moduli of homogeneous 
polyacrylamide gels were determined 
by the TDI to be used as standards in 
stratified gel measurements. 
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Figure 4.1: Superficial and underlying moduli of stratified gels.  Stratified gels were 
assembled from two homogenous polyacrylamide gels, polymerized in series, with a thin 
superficial layer (~ 260 μm) and a thick underlying layer (~ 1050 μm) (A).  In a representative 
force deformation curve of a stratified gel, two distinct slopes can be identified that correlate with 
the expected modulus of the superficial (Esuperficial) and underlying (Eunderlying) gel (B). This pattern 
of loading is distinct from that of a homogeneous gel (inset graph).    Analyzing the four gels 
described in Table 4.2, the superficial (C) and underlying (D) moduli were statistically 
indistinguishable from the modulus of a similarly composed homogenous gel (predicted 
modulus).  The stiffness of the underlying gel increased with increasing crosslinker concentration 
as expected (p < 0.001, Spearman rank correlation test).  Each data point represents the average 
of five measurements taken at one site.  Error bars demonstrate the standard deviation among 
those five measurements. 
  



36 

gel with increasing displacement.  Therefore, within the loading curve, the slopes at 

initial contact and at peak force should correspond to the elastic moduli of the superficial 

and underlying gels, respectively.  

Analysis of the loading curves of stratified gels revealed that the moduli 

calculated from the two distinct slopes corresponded to the expected moduli for each gel 

layer. In Figure 4.1C, the moduli of stratified gel superficial layers (0.2 MPa) closely 

matched the modulus of a corresponding homogenous gel (0.21 MPa) (Table 4.1), 

independent of the modulus of the underlying gel.  We next tested if the modulus of the 

underlying layer could be accurately measured by microindentation. The measured 

moduli of the underlying gels increased, as expected with increasing crosslinker 

concentration. Moduli acquired for the underlying gel were statistically indistinguishable 

from the moduli of similarly composed homogeneous gels (Figure 4.1D, Table 4.1 & 

4.2).  Gel 1, assembled as a negative control from a superficial and underlying gel with 

identical crosslinker concentrations (0.5% w/v), behaved as a homogeneous gel with 

statistically indistinguishable superficial and underlying moduli (0.2 and 0.21 MPa, 

respectively).  The ability to accurately derive the superficial and underlying moduli of a 

stratified material from its loading curve suggests the loading behavior can be described 

mathematically.   

 

Developing a model for the loading of stratified moduli. 

As the indenter is a flat-ended cylindrical punch, the relationship between load 

and displacement (F – x) for a homogenous material is given by 
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(Equation 1) 

where E is the elastic modulus, a is the radius of the indenter, and ρ is Poisson’s ratio, 

assumed to be 0.5 for this study (Sneddon, 1965).  If stratified gels behave as two springs 

in series, the modulus in Eq. (1) can be replaced with an apparent modulus, as with two 

springs in series, given by 

(Equation 2) 

where E1 and E2 are the individual moduli of the superficial and underlying gels, 

respectively (Oyen et al., 2004).  As seen from the example loading curves, however, the 

apparent modulus is not a constant, but changes with displacement.  By applying a depth 

fraction Xi (Herakovich, 1997; Oyen et al., 2004) to weight the moduli with displacement 

from initial loading through the depth of the superficial gel (t), we can define the function 

Eapp as  

(Equation 3) 

With Eq. (3), at a depth of initial contact (x = 0), Eapp is defined only by E1, the modulus 

of the superficial gel.  When displacement reaches the thickness of the superficial gel (x = 

t) Eapp is defined only by E2, the modulus of the underlying gel.  At displacements greater 

than the thickness of the superficial gel, the function is no longer valid, and Eapp is 

defined solely by the modulus of the underlying gel (E2).  This equation therefore agrees 

with our earlier observations that the slope of the loading curve defines the superficial 

and underlying moduli at initial contact (x = 0) and at peak force (x ≥ t), respectively.  

Eq. (3) simplifies to Eq. (4) given by 
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(Equation 4) 

It should be noted that if E1 = E2, for x ≤ t, Eq. (4) will reduce to a single modulus as 

expected for a homogenous material.  Eq. (4) should describe the slope of Eq. (1) such 

that 

 

(Equation 5) 

Therefore the loading curve of a stratified material can be described by the function 

 (Equation 6) 

F1(x) of Eq. (6) remains valid from initial contact through the thickness of the superficial 

layer.  As E2 approaches E1, F1(x) approaches a linear function representing an almost 

homogenous material.  However, when E1 = E2, because of the denominator in the first 

term of the equation, F1(x) of Eq. (6) is no longer valid. 

 

Comparing the model to experimental data for stratified gels.  

 If the stratified gels behave as two springs in series weighted by depth, Eq. (6) 

should describe the loading curves of each of the experimental gels. A representative 

loading curve from each of the four stratified gels was compared to the model generated 

by Eq. (6) (Figure 4.2).  The parameters E1 and E2 were set to the moduli determined in 

𝐸𝑎𝑎𝑎(𝑥) =
𝐸1𝐸2𝑡

𝐸2𝑡 + (𝐸1 − 𝐸2)𝑥
    for    𝑥 ≤ 𝑡 , 

 
𝐸𝑎𝑎𝑎(𝑥) = 𝐸2    for    𝑥 > 𝑡 . 

 

𝐹(𝑥) = 𝛼 ∫𝐸𝑎𝑎𝑎(𝑥), where 

𝛼 =
2𝑎

1 − 𝜌2
 . 

𝐹1(𝑥) = 𝛼𝛼1𝐸2𝑡
𝐸1−𝐸2

(ln�𝐸2𝑡 + �𝐸1 − 𝐸2�𝑥� − ln(𝐸2𝑡)) , 

𝐹2(𝑥) = 𝛼𝐸2𝑥   for   𝑥 > 𝑡 .  
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Figure 4.2: Model describes loading curves of experimental gel data. Model-generated 
loading curves, derived using Eq. (6) and the elastic moduli of each layer determined in 
Figure 4.1, are graphed with representative loading curves for Gel A (A) and Gel D (B) for 
comparison. All model-generated loading curves significantly predicted loading behavior of 
stratified gels (C) (R2 > 0.961).  The model generated an apparent thickness of the 
superficial gel, t', which agreed well with the experimentally measured thickness of the 
superficial gel, t. 

 
Figure 4.1 from the slope of the loading curves.  Two example loading curves graphed 

with model generated data are shown in Figure 4.2A and B. The apparent thickness of the 

superficial gel, t′, was generated within the model to produce a line of best-fit with the 

experimental data (Figure 4.2C).  The apparent thickness for each gel approximated the 

actual superficial gel thicknesses measured experimentally with a caliper.   Under 
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regression analysis, all experimental data closely matched that of the model, with all R2 

values at or above 0.961 (Figure 4.2C). 

 

Figure 4.3: The stratified moduli of articular cartilage approach 
homogeneity with OA. Force displacement curves of human articular 
cartilage are bimodal, resembling that of a stratified gel (A). Both the 
superficial and underlying moduli of articular cartilage are significantly 
decreased with osteoarthritis (B, C). The difference in moduli between the 
superficial and underlying layers of cartilage decreases on average from 6 
to 0.8 MPa with osteoarthritis indicating that the diseased tissue approaches 
homogeneity (D) (* p < 0.05). Each point represents the average of five 
measurements taken at one site. 



41 

Stratified moduli of articular cartilage approach homogeneity with OA. 

 To determine the effect of osteoarthritis on the stratified material properties of 

intact articular cartilage, the methods developed to assess stratified gels were applied to 

human tissue.  In applying this model, we focus on the stratified elastic moduli of 

cartilage while assuming all other depth-dependent material properties are constant.  

Several measurements were taken on the articular cartilage from the tibial plateau and 

femoral condyles of young healthy or older osteoarthritic donors. Representative force 

displacement curves of young and osteoarthritic cartilage can be seen in Figure 4.3A.  

Osteoarthritis dramatically reduces the moduli of articular cartilage at each layer.  The 

average moduli of the superficial and underlying layers decrease from 3 to 0.4 MPa, and 

9 to 1.2 MPa, respectively (Figure 4.3B, 4.3C).  Interestingly, these changes in superficial 

and underlying modulus result in a more homogeneous architecture in the osteoarthritic 

tissue.  With  the disease, the difference between superficial and underlying moduli of 

cartilage decreases an order of magnitude from a 6 MPa average difference between the 

stratified moduli in healthy cartilage to a 0.8 MPa average difference in OA cartilage 

(Figure 4.3D). 

 
The model generated from stratified gels predicts the loading behavior of articular 

cartilage. 

Using the experimentally derived moduli for the superficial and underlying layers, 

the model generated from stratified gels was applied to articular cartilage.  Curve-fitting 

software was used to fit the model to a single loading curve for each articular cartilage 

sample.  Example experimental loading curves with model generated data for both 

healthy and osteoarthritic cartilage are graphed in Figure 4.4A and 4.4B.  As all 
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measurements were nondestructive, the thickness of the superficial layer could not be 

determined experimentally.  Therefore the curve-fitting software generated an apparent 

thickness, t’, that generated the best fit with the experimental data given the superficial 

and underlying moduli.  All model generated curves fit the experimental data with an R2 

greater than 0.977 (Figure 4.4C).     

 

Figure 4.4: Applying the stratified gel model to articular cartilage. Using Eq. 
(6) and the experimentally derived superficial and underlying modulus, 
curve-fitting software was able to generate a curve that closely 
approximated the loading curve for healthy (A) and osteoarthritic (B) 
cartilage.  All model-generated loading curves significantly predicted 
loading behavior of cartilage samples (C) (R2 > 0.977).  The loading sites 
presented in A and B are bolded in the chart. 
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Discussion 

 We have developed a novel analytical model that allows quantification of 

stratified material properties in an intact sample.  Using reference point microindentation, 

we were able to detect the distinct modulus of each layer of an intact stratified 

polyacrylamide gel.  Modeling the stratified gel as two springs in series weighted by 

depth, we accurately predicted the experimental loading behavior of stratified gels. 

Applying this model to intact human cartilage samples in situ, superficial and underlying 

moduli were determined. Although others have successfully measured depth-dependent 

mechanical properties of articular cartilage in osteochondral cores (Chen et al., 2001; 

Chen et al., 2001; Guilak et al., 1995; Klein et al., 2007; Schinagl et al., 1997; Schinagl 

et al., 1996; Wang et al., 2002; Wang et al., 2001), to our knowledge, this is the first 

measurement of the stratified moduli of articular cartilage in an intact sample.  Moreover, 

comparison between young cadaveric cartilage and severely degraded cartilage suggests 

that osteoarthritis has marked effects on the stratified material properties of articular 

cartilage.   An overall reduction in modulus with disease is observed in both the 

superficial and underlying layers.  This softening also dramatically diminishes the 

difference between the moduli of the superficial and underlying layers, which results in a 

homogeneous tissue lacking in the characteristic depth-dependent material properties of 

healthy cartilage.   

 While it is well known that the depth-dependent material properties of cartilage 

are integral to its function (Broom, 1984; Klein et al., 2003; Roth and Mow, 1980; Woo 

et al., 1980), compared to other mechanical assessments, relatively few studies have 

explored the depth-dependent material properties of articular cartilage (Chen et al., 2001; 
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Chen et al., 2001; Guilak et al., 1995; Klein et al., 2007; Schinagl et al., 1997; Wang et 

al., 2002; Wang et al., 2001).  The most common method requires microscopic imaging 

to track the displacement of fluorescently labeled chondrocytes in osteochondral cores 

under confined compression (Chen et al., 2001; Klein et al., 2007; Schinagl et al., 1997; 

Wang et al., 2002).  This method, while allowing direct measurement of displacement 

under load through the entire depth of the sample, has drawbacks in requiring machining 

of samples and the introduction of non-physiologic boundary conditions at the imaging 

site.  Our method demonstrates that microindentation can successfully assess stratified 

material properties in situ, preserving the architecture of the sample for further studies.   

Our two layer model is just an approximation of the gradual change in modulus 

through the depth of the tissue.  In order to apply this simple model, we assume that 

cartilage is composed of two layers of otherwise homogeneous, isotropic matrix.  This 

ignores the inhomogeneity of the matrix and contributions from viscoelastic properties, 

fluid flow, time and shear rate dependency among other properties that add to the 

complexity of cartilage matrix (Huang et al., 2003; Mak et al., 1987; Mow et al., 1989; 

Wu and Herzog, 2002).  Indeed while we focus here on the modulus of cartilage matrix, 

the permeability, fixed charge density, and bulk modulus have all been shown to vary 

with depth (Chen et al., 2001; Wang et al., 2001). Nevertheless, our model clearly reveals 

a novel effect of OA on cartilage ECM: its loss of depth-dependent differences in 

modulus with disease. 

 Our results agree with previous studies that the stratified moduli of articular 

cartilage increases with tissue depth (Chen et al., 2001; Klein et al., 2007; Schinagl et al., 

1997; Wang et al., 2001). Many of these studies used bovine articular cartilage and 
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reported more compliant superficial and underlying moduli than those reported here.  

Among the studies of depth dependent material properties, only one, to our knowledge, 

has reported the stratified moduli of human articular cartilage.  Chen et al. reported the 

moduli of the superficial and underlying layers of human femoral head articular cartilage 

to be 1.16 and 7.75 MPa, respectively (Chen et al., 2001), which closely match the 

moduli determined in our study (2.98 and 9.22 MPa, respectively).  The differences may 

be attributed to the differences in loading regimen and variation between hip and knee 

cartilage (Hu and Athanasiou, 2003).  

Our observation that osteoarthritis dramatically affects the stratified moduli and 

architecture of articular cartilage appears novel.  These results suggest the need for 

additional research into this area to fully explore how the progression of osteoarthritis 

damages not only the macroscopic properties of cartilage, but the discreet properties of 

each layer.  Clinically, the most recognizable marker of early OA is fibrillation of the 

superficial layer of cartilage.  Nevertheless, in a composition-based finite element model, 

Saarakkala et al. demonstrated that in early OA, along with changes the superficial layer, 

the composition of the underlying layers of cartilage is also significantly affected 

(Saarakkala et al., 2010).  A significant loss of proteoglycans in the normally 

proteoglycan-rich underlying layers of articular cartilage accompanies early OA.  This 

loss in proteoglycan content may be the cause of the dramatic loss in underlying layer 

modulus of osteoarthritic cartilage, ultimately driving the tissue toward homogeneity.  In 

their analysis of the depth-dependent moduli, Wang et al. found that stratified moduli 

produce more stable strains in the deep zone of articular cartilage (compared with a 

homogeneous model) (Wang et al., 2001).  Therefore, in approaching homogeneity, 
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osteoarthritic cartilage may be exacerbating damage to the underlying layer.  In its ability 

to assess intact cartilage, the reference point microindentation may represent a new 

method to non-destructively assess the material properties of articular cartilage for early 

diagnosis of OA.   

 

Supplemental Figure 4.1: Type V Probe 
Assembly.  The 1 mm diameter test probe is 
surrounded by a reference probe which rests 
on the surface of the material to be tested 
while the test probe indents. 
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CHAPTER 5 
 

ECM Stiffness Primes the TGFβ Pathway to Promote Chondrocyte Differentiation 

 

Introduction 

The extracellular microenvironment is rich in physical cues that, like biochemical 

cues, are powerful regulators of cell behavior.  Cells respond to physical cues, such as 

topography, mechanical stimulation, and extracellular matrix (ECM) stiffness, with 

changes in cell proliferation, migration, apoptosis and differentiation (Assoian and Klein, 

2008; Chen et al., 1997; Engler et al., 2006; Geiger et al., 2009; Wang and Thampatty, 

2006).  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 differentiate 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 stiffness refines cellular behavior to match the 

physical microenvironment. Though cells encounter biochemical and physical cues 

simultaneously, the mechanisms by which this information is assimilated to direct 

cellular responses remain unclear.  

Cells maintain homeostasis between ECM stiffness and cytoskeletal tension 

through a tightly controlled hierarchical mechanotransduction pathway.  Upon integrin 

binding to ECM ligands and the generation of internal cell tension, cells develop focal 

adhesions, a highly ordered array of proteins including focal adhesion kinase (FAK), 

talin, vinculin, and α-actinin (Geiger et al., 2009; Kanchanawong et al., 2010; Miranti 

and Brugge, 2002).  These proteins interact with small GTP-ases (i.e. Rho, Rac) and 
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other signaling pathways, facilitating changes in cytoskeletal organization, actinomyosin 

contractility, and cell shape with even small changes in matrix compliance (Geiger et al., 

2009; Paszek et al., 2005).  Accordingly, distortion of normal ECM stiffness has been 

implicated in many diseases, including cancer and liver fibrosis (Butcher et al., 2009; Li 

et al., 2007b; Paszek et al., 2005).   

Cells integrate their response to physical and biochemical cues to guide cellular 

decision-making.  Physical cues including substrate stiffness, cell shape, or cytoskeletal 

tension can radically alter the cellular response to growth factors (Gao et al., 2010; Leight 

et al., 2012; Park et al., 2011; Wang et al., 2011b). For example, insufficient cytoskeletal 

tension impairs BMP-induced-osteogenesis (Wang et al., 2011b). Wang et al. recently 

showed that BMP signaling is sensitive to the activity of Rho, which is an integral part of 

mechanotransduction pathways. Among the many effectors shared by biochemical and 

mechanotransduction pathways, integrins are a prime example 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 TGFβ signaling can each direct the localization and activity of the 

transcriptional coregulator TAZ (Dupont et al., 2011; Varelas et al., 2008). Nonetheless, 

the molecular mechanisms by which cells generate an integrated 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 interaction 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 
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coupled degeneration of cartilage physical and biochemical properties, this tissue is 

replete with examples of intersecting physical and biochemical cues (Aigner et al., 2002; 

Henderson and Carter, 2002; Setton et al., 1999; 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 10-fold increase from fetal to adult cartilage (Williamson 

et al., 2001)), location (5-fold increase through tissue depth and up to 3-fold increase 

from pericellular to interterritorial matrix (Akizuki et al., 1986; Darling et al., 2010; 

Setton et al., 1999)), and disease (2-fold 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 homeostasis, 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 differentiation 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 by cell-generated tension (Annes et al., 2003; Munger 

et al., 1999; 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 is also tightly controlled (Massague, 
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1998). Signaling within the cell can be relayed through many different pathways, 

including Rho/ROCK and 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 transcription 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 regulate 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.  

While a recent study highlights this integration in epithelial mesenchymal transition in 

the context of cancer (Leight et al., 2012), these mechanisms may operate in other 

diseases where both ECM stiffness and TGFβ have already been implicated individually, 

such as liver fibrosis and cancer (Butcher et al., 2009; Hinz, 2009; Ingber, 2003; Li et al., 

2007b; Paszek et al., 2005; Tomasek et al., 2002; Wells and Discher, 2008).  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 
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explore the mechanisms by which cells integrate the physical and biochemical cues 

provided by ECM stiffness and TGFβ respectively. 
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Results 
 
Chondrocyte differentiation is tuned to an optimal ECM stiffness  

To determine if chondrocyte differentiation is sensitive to the stiffness of the 

extracellular microenvironment, primary murine chondrocytes and ATDC5 

chondroprogenitor cells were differentiated for 2 and 7 days on collagen II-coated 

polyacrylamide substrates with stiffnesses that span the range reported for articular 

cartilage (0.2 MPa to 1.1 MPa) (Table 5.1) (Hansma et al., 2009; Kiviranta et al., 2008).   

Substrate stiffness strongly regulated expression of multiple markers of 

chondrocyte differentiation, including 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 the 0.5 MPa gel substrates with  

a stiffness most similar to healthy articular cartilage, Sox9, Col2α1, and aggrecan are  

Table  5.1: Physical characteristics of experimental substrates. Polyacrylamide gel substrates 
are referred to in the manuscript by their average stiffness, measured previously by 
nanoindentation (Hansma et al., 2009).  These values span the stiffness range reported for 
articular cartilage, also measured by nanoindentation (Kiviranta et al., 2008).  Collagen density 
between substrates was found to be statistically indistinguishable.  ATDC5 cell morphology was 
also found to be statistically indistinguishable, given by average cell area and roundness (1 – 0 
where 1 = circular) 
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Figure 5.1: 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. 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 (C). The right panels are high-magnification images of regions 
outlined in the left panels. 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) 
 
induced 2, 2.5, and 3-fold, respectively, relative to the plastic control (Figure 5.1A).  

Moreover, the induction of these genes is much lower on substrates with a stiffness below 

0.5 MPa, demonstrating the specificity of stiffness-induced chondrocyte gene expression.   

This stiffness-specific induction was even more robust in ATDC5 cells, with 

Sox9, Col2α1, and aggrecan mRNA expression induced to 6, 19, and 16-fold, 

respectively, on 0.5 MPa substrates relative to plastic controls (Figure 5.1B). These 
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changes in chondrocyte gene expression are accompanied by a stiffness-sensitive 

production of proteoglycan, as detected by Alcian blue staining, which is also maximal 

on the 0.5 MPa gel (Figure 5.1C). 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.  

 

Potent chondroinductive synergy between ECM stiffness and TGFβ 

The cellular microenvironment is rich in both biochemical and physical cues that 

can potently regulate differentiation and cell behavior.  Therefore, we evaluated the effect 

of substrate stiffness on chondrogenic 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 days on plastic substrates (Figures 5.2A-C).  

Interestingly, ATDC5 cells exhibit an equivalent chondroinductive response to a 0.5 MPa 

substrate and to TGFβ (Figure 5.2A-C). Even these responses, however, pale in 

Figure 5.2: Substrate stiffness and TGFβ synergize to induce chondrogenic differentiation. 
Sox9 (A), Col2α1 (B), and aggrecan (C) mRNA expression is greatly induced by TGFβ (5 ng/ml) 
in ATDC5 cells differentiated for 7 days on 0.5 MPa substrates, relative to cells grown on plastic 
or in the absence of TGFβ († p < 0.01). 
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comparison to the strong synergistic induction of Sox9, Col2α1, and aggrecan expression 

(9, 140, and 70-fold, respectively) in TGFβ-treated ATDC5 cells differentiated for 7 days 

on 0.5 MPa substrates (Figures 5.2A-C). This powerful chondroinductive synergy 

demonstrates that the cellular 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 

chondrocyte differentiation. Cells respond to substrate stiffness by increasing internal 

cellular tension through stress fiber formation and cell spreading (Discher et al., 2005). 

Although ATDC5 morphology and cell spread area do not vary significantly across the 

substrate stiffnesses tested (Table 5.1), stress fiber formation in primary murine 

chondrocytes and ATDC5 cells increases with substrate stiffness (Figures 5.3A, 5.3B).  

This suggests that 0.5 MPa substrates induce chondrocyte differentiation through an 

alteration in internal cell tension.  As key components of the cellular mechanosensory 

apparatus, Rho and ROCK participate in stiffness sensing in 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 if the chondroinductive effect of substrate stiffness occurred 

through these established mechanisms, primary murine chondrocytes and ATDC5 cells 

were treated with the ROCK inhibitor Y27632. On plastic, inhibition of ROCK enhances 
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the expression of chondrocyte differentiation marker genes after 48 hrs of culture (Figure 

5.3C).  However, on a substrate that mimics the stiffness of articular cartilage, ROCK 

inhibition completely represses the induction of Col2α1 mRNA.  Similar results are seen 

in Sox9 and Aggrecan expression. This observation affirms the key role for ROCK in the 

ability of chondrocytes to sense and respond to ECM stiffness. 

 

Figure 5.3: 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). ROCK inhibition with Y27632 (Y, 10 μM) induces 
Col2α1 in primary chondrocytes and ATDC5 cells differentiated for 24 hrs on plastic, but 
represses induction in cells differentiated on 0.5 MPa substrates (C). Similar results are seen for 
Sox9 and aggrecan expression (* p < 0.05). 
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Mechanosensitive TGFβ1 expression promotes chondrogenic differentiation 

The effect of ECM stiffness on primary murine chondrocyte and ATDC5 gene 

expression is apparent within 24h, when Col2α1 mRNA levels are increased in cells 

grown on 0.5 MPa substrates relative to those grown on plastic (Figure 5.3C).  At this 

time, TGFβ1 mRNA expression is increased by 3-fold in primary murine chondrocytes 

and ATDC5 cells cultured on a 0.5 MPa substrate, a finding confirmed by ELISA 

analysis of TGFβ1 protein levels in ATDC5 conditioned media (Figure 5.4A-C).  

Although others have shown that TGFβ1 mRNA and protein expression are regulated in 

response to exogenous physical stimuli (Li et al., 2010b; Sakai et al., 1998; Streuli et al., 

1993); to our knowledge, this is the first report that substrate stiffness can regulate 

expression of a TGFβ ligand. 

ssessed the stiffness-specificity of the induction of TGFβ1 mRNA and protein.  Levels of 

both TGFβ1 mRNA and protein increased with substrate compliance (Figure 5.4C and 

data not shown).  The ROCK inhibitor Y27632 increased TGFβ1 expression in cells 

cultured on plastic but had no effect on cells grown on 0.5 MPa substrates (Figure 5.4D), 

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 differentiation genes that is induced specifically on 0.5 MPa 

substrates. 

 To determine if the stiffness-sensitive increase in autocrine TGFβ1 expression is 

required for the chondroinductive effects of the 0.5 MPa substrate, ATDC5 cells were 

treated with a TβRI-inhibitor (SB431542), which acts downstream of the TGFβ1 ligand. 

While baseline levels of Col2α1 in ATDC5 cells cultured on plastic were not sensitive to 
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Figure 5.4: Mechanosensitive, ROCK-dependent induction of TGFβ1 is required 
for chondroinduction. Within 48 hrs, TGFβ1 mRNA is induced in primary 
chondrocytes (A) and ATDC5 cells (B) in a stiffness-dependent manner. TGFβ1 
protein produced by ATDC5 cells, as assessed in media by an ELISA assay, increases 
with decreasing substrate stiffness (C). 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 (D). Induction of Col2α1 mRNA in ATDC5 cells 
cultured on a 0.5 MPa gel is impaired by 24 hr exposure to SB431542 (5 μM), a 
chemical antagonist of the TGFβ type I receptor (E), (* p < 0.05, † p < 0.01). 
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the inhibitor, the induction of Col2α1 on 0.5 MPa substrates was diminished by the 

TβRI-inhibitor (Figure 5.4E).  Therefore, the chondroinductive response to substrate 

stiffness requires a mechanosensitive induction of autocrine TGFβ1. However, this 

mechanism alone does not fully explain why chondrocyte gene expression is optimal on 

the 0.5 MPa stiffness since, on more compliant substrates, TGF-β1 is induced but 

chondrogenic genes are not. 

 

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 activation of the TGFβ receptor 

complex (Wrana, 2000).  Although no significant stiffness-dependent changes in Smad3 

mRNA levels were detected (Supplemental Figure 5.1), Smad3 protein levels were 

consistently elevated in ATDC5 cells grown on 0.5 MPa substrates (Figure 5.5A). 

Furthermore, even in the absence of exogenously-added TGFβ, Smad3 phosphorylation 

on the C-terminal SSXS domain was increased on 0.5 MPa substrates relative to that 

observed on either stiffer or more compliant substrates (Figure 5.5A).  In ATDC5 

chondroprogenitor cells, this stiffness-specific increase in Smad3 phosphorylation 

mirrored the maximal increases in chondrogenic gene expression on 0.5 MPa substrates 

(Figure 5.1A).   From this result, it appears that on overly compliant substrates, even in 

the presence of increased autocrine TGFβ1 expression (Figure 5.4C), the lack of 

chondroinduction, may be due to other mechanisms, such as those limiting ligand- 

mediated activation of the downstream effector Smad3. 
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Figure 5.5: Smad3 phosphorylation, localization and transcriptional activity are sensitive to 
ECM stiffness. Western analysis of whole cell lysates from ATDC5 cells cultured as indicated 
for 24 hrs reveals that C-terminal Smad3 phosphorylation (top panel) and total protein (middle 
panel) are increased specifically on a 0.5 MPa substrate, whereas β-actin levels (lower panel) 
remain unchanged (A). Immunofluorescence microscopy allows visualization of stiffness and 
TGFβ-sensitive Smad2/3 localization (green) relative to DAPI-stained nuclei (red) (B). 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 (C). 
In transiently transfected ATDC5 cells grown for 48hrs on 0.5 MPa substrates, the activity of the 
TGFβ-responsive SBE-luciferase promoter reporter construct is increased relative to cells grown 
on plastic (D). Luciferase activity is normalized to expression of β-galactosidase from a 
cotransfected control construct (* p < 0.05, † p < 0.01). 
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Consistent with its increased phosphorylation, Smad3 preferentially localizes to 

the nucleus of primary murine chondrocytes and ATDC5 cells grown on 0.5 MPa 

substrates.  Nuclear Smad3 localization is as frequent in cells grown on 0.5 MPa 

substrates in the absence of exogenously-added TGFβ as in TGFβ-treated cells grown on 

plastic (Figures 5.5B, 5.5C).  To determine if this stiffness-dependent increase in nuclear 

Smad3 is sufficient to induce transactivation, we assessed the effect of substrate stiffness 

on the activation of a classical Smad3-responsive promoter-reporter construct, SBE-

luciferase (Figure 5.5D).  Transactivation of SBE-luciferase is increased 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 levels, 

including post-transcriptional control of Smad3 levels, phosphorylation, 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 stiffness and 

exogenously-added TGFβ seen in Figure 5.2 provides an ideal model system in which to 

study the molecular mechanisms by which cells integrate signaling from physical and 

biochemical cues.  Therefore, we sought to determine which of the downstream effectors 

of TGFβ participate in the chondroinductive synergy between exogenously-added TGFβ 

and substrate stiffness.  As in Figure 5.5A, Smad3 and phospho-Smad3 levels are 

increased in ATDC5 cells grown on 0.5 MPa substrates relative to those grown on plastic  
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Figure 5.6: Synergy between TGFβ and ECM stiffness requires p38 MAPK, but 
not Smad3. Western analysis reveals no substrate stiffness-dependent effect on TGFβ-
inducible Smad3 phosphorylation (top panel, A). Smad3 shRNA treatment achieves 
70% reduction of Smad3 mRNA, relative to ATDC5 cells expressing a scrambled 
shRNA (B). shSmad3 impairs the stiffness-sensitive induction of Col2α1 mRNA, but 
not the synergistic induction of Col2α1 by TGFβ (5 ng/ml, 24 hrs) and a 0.5 MPa 
stubstrate (C). Western analysis of phospho-p38 and p38 total protein reveals increased 
p38 phosphorylation in ATDCs cultured for 24 hrs on a 0.5 MPa substrate or in the 
presence of TGFβ (5 ng/ml, 45 mins) (D). 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) prior to a 1 hr TGFβ treatment (E), († p < 0.01). 
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(Figure 5.6A). The addition of TGFβ to cells grown on 0.5 MPa substrates 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 5.4C, are required for 

synergy.  In Smad3 shRNA expressing cells (Figure 5.6B), induction of Col2α1 by 

stiffness alone is impaired (Figure 5.6C).  However, even with a 70% reduction in Smad3 

levels, Col2α1 expression in ATDC5 cells is still synergistically 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 expression of Smad3 (data not shown). Synergy was also unaffected in 

Smad3fl/fl primary articular chondrocytes infected with CRE adenovirus (data not shown).  

Therefore, the cooperative induction of chondrogenic gene expression between TGFβ 

and 0.5 MPa substrates 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 evaluated the effect of substrate 

stiffness and TGFβ on p38 MAPK phosphorylation.  TGFβ rapidly activates the p38 

pathway through the MAPKKK TAK1 activation of MKK3/6 (Derynck and Zhang, 

2003; Moriguchi et al., 1996).  Phospho-p38 was increased on 0.5 MPa substrates 

relative to plastic (Figure 5.6D).  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.  While 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 
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repression of the synergistic response (Figure 5.6E).  This suggests that p38 participates 

in the chondroinductive effects of substrate stiffness, and is essential for the integration of 

physical and biochemical cues that robustly promotes chondrogenic differentiation on 

substrates that mimic the stiffness of healthy articular cartilage. 
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Discussion 

We elucidate mechanisms by which physical cues provided by a discrete ECM 

stiffness specifically increase the efficiency of chondrocyte differentiation by coordinated 

multilevel regulation of the TGFβ pathway (Figure 5.7).  A cartilage-like substrate 

stiffness both enhances chondrocyte gene expression and primes cells for a robust 

response to the chondroinductive biochemical cue TGFβ.  In this way, the convergence 

of chondroinductive physical and biochemical cues drives a more potent response than 

either cue alone, thereby establishing a microenvironment that the cells interpret as ideal 

for chondrocyte differentiation.  Through ROCK signaling, ECM stiffness regulates 

chondrocyte differentiation by promoting autocrine TGFβ1 expression on compliant 

substrates. Stiffness-sensitive chondrocyte differentiation requires Smad3, the 

phosphorylation of which is maximal on the same discrete stiffness that optimally 

induces chondrocyte gene expression.  In addition to regulating TGFβ ligand expression 

and Smad3 phosphorylation, localization, and transactivation, 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 mechanosensing of ECM stiffness requires the 

development of cytoskeletal tension and focal adhesions and the activation of Rho/ROCK 

(Assoian and Klein, 2008; Geiger et al., 2009; Kanchanawong et al., 2010; Miranti and 

Brugge, 2002), a pathway previously implicated in chondrocyte differentiation (Wang et 
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al., 2004; Woods and Beier, 2006).  The role of Rho/ROCK signaling in chondrogenesis 

is complex, such that the effect of ROCK inhibition on chondrogenic differentiation is 

influenced by the cell type and the dimensionality of culture, amoung other factors 

(Clancy et al., 1997; Kumar and Lassar, 2009; Nofal and Knudson, 2002; Woods and 

Beier, 2006; Woods et al., 2005).  Like Woods et al. we find that chondrocyte 

Figure 5.7: 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 stiffner 
substrates through a ROCK dependent mechanism.  (4) While Smad3 phosphorylation and 
nuclear localization is 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 actiavation of TAK1. 
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differentiation is ROCK-dependent, such that inhibition of ROCK signaling enhances 

differentiation of cells grown on plastic but inhibits differentiation in cells grown on 

more compliant substrates (Figure 5.3C). Our results suggest that there is an optimal level 

of ROCK activity on 0.5 MPa substrates that activates chondroinduction, in part, through 

the induction of TGFβ1 expression on compliant substrates.  To our knowledge, this is 

the first report to show that expression of a component of the TGFβ pathway occurs in a 

stiffness-dependent manner.  Although the transcriptional mechanisms by which ECM 

stiffness regulates TGFβ1 expression remain to be explored, other 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 (Li et al., 2010b; Sakai et al., 1998; Streuli et al., 1993).   Myocyte stretch 

induces the release of activated TGFβ1 from the latency associated peptide on stiff 

substrate (Hinz, 2009; Wells and Discher, 2008). Future studies will test the hypothesis 

that this combination of regulatory mechanisms - ECM stiffness-sensitive induction of 

TGFβ1 transcription on compliant substrates and post-translational 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 increase in Smad3 phosphorylation. Phosphorylated Smad3 

translocates to the nucleus where it can bind to Sox9 and enhance CBP recruitment to the 

Col2α1 promoter, where they cooperatively induce Col2α1 transcription (Furumatsu et 

al., 2005).  We found that the stiffness-specific phosphorylation and nuclear localization 
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of Smad3 correlates with and is required for the increased Col2α1 expression on 0.5 MPa 

substrates.  Although several mechanisms may contribute to these observations, our data 

strongly suggests that autocrine TGFβ1 activity is significantly responsible for the 

stiffness-specific increase in Smad3 phosphorylation and the resulting induction of 

Col2α1.  Treatment with either a TGFβ receptor inhibitor or shSmad3 completely ablates 

the induction of Col2α1 gene expression on 0.5 MPa substrates.  Though 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 

pathway have been identified.  Cytoskeletal tension, generated by either ECM stiffness or 

cell spreading, is sufficient to control the localization of YAP/TAZ (Dupont et al., 2011), 

transcriptional coregulators that can direct nuclear localization of Smad2/3 (Varelas et 

al., 2008).  Whether tension-inducible YAP/TAZ translocation contributes to the 

stiffness-sensitive nuclear localization of Smad3 observed here remains unknown. More 

recently, Wang et al showed that BMP-inducible nuclear translocation of Smad1/5/8 

requires sufficient ROCK-dependent cytoskeletal tension (Wang et al., 2011b).  ROCK 

can also enhance the activity of both Smad3 and Sox9 by phosphorylation of the Smad3 

linker region or Sox9 on serine 181 (Haudenschild et al., 2010; Kamaraju and Roberts, 

2005). Though the role of ROCK-inducible Sox9 phosphorylation in the 

chondroinductive synergy between ECM stiffness and TGFβ remains unclear, this 

synergistic response does require p38 MAPK and functions even with very little Smad3. 

This is consistent with prior studies showing that TAK1, the upstream activator of p38 
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MAPK, regulates collagen II synthesis in chondrocytes independently of Smad3 

signaling (Qiao et al., 2005).  ECM stiffness may also cause differential 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.), 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 current 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 chondrocytes (ATDC5 chondroprogenitors or primary 

chondrocytes) showed maximal chondrocyte gene expression on 0.5 MPa substrates.  

More compliant matrices may be more chondroinductive during 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 much softer than fully mineralized bone matrix 

(Engler et al., 2006).  This relationship between ECM stiffness and chondrocyte 

differentiation may be particularly important for understanding osteoarthritis, in which 
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the degradation of cartilage ECM stiffness coincides with the loss of chondrocyte 

homeostasis through mechanisms that are coupled but unclear. Since TGFβ signaling 

through the p38 MAPK pathway is important in vitro and in vivo for chondrocyte 

maturation, proliferation and survival (Gunnell et al., 2010; Li et al., 2010a; Seto et al., 

2004), our finding that p38 MAPK is important for of synergy between TGFβ and 

substrate stiffness suggests that coordinated signaling between biochemical and physical 

cues may be important for the maintenance of chondrocyte homeostasis.  The ability of 

ECM stiffness 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 (Arany et al., 2006; Balooch et al., 2005; 

Chang et al., 2010; Saeki et al., 2007). Therefore, disruption of TGFβ signaling impairs 

ECM stiffness, and, as we show here, disruption 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 

non-physiologic stiffnesses and abnormal TGFβ signaling (Butcher et al., 2009; Hinz, 

2009; Ingber, 2003; Li et al., 2007b; Paszek et al., 2005; Tomasek et al., 2002; Wells and 

Discher, 2008).  A deeper understanding of the interactions between physical and 

biochemical cues, particularly the mechanisms by which cells integrate cues provided by 
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ECM stiffness and TGFβ, may elucidate mechanisms of disease and reveal novel 

therapeutic targets.  

  
Supplemental Figure 
5.1: Smad3 mRNA 
expression is relatively 
unaffected by 
substrate 
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CHAPTER 6 
 

ECM Stiffness Regulates Chondrogenesis in Mesenchymal Stem Cells 

 

Introduction 

 The previous chapter demonstrates that substrate stiffness primes the TGFβ 

pathway to induce chondrocyte differentiation in mature chondrocytes.  A discrete 

stiffness, similar to that reported for articular cartilage, induces chondrocyte specific gene 

expression and synergizes with exogenously added TGFβ.  Chondroinduction on a 

discrete, cartilage-like stiffness requires autocrine induction of TGFβ1, and in the 

absence of exogenously added TGFβ, specifically induces Smad3 phosphorylation, 

nuclear localization, and transcriptional activity.  However, it is still unknown whether 

these mechanisms, identified in a mature phenotype, are also present in MSCs 

undergoing chondroinduction.   

Both TGFβ and mechanical cues have been identified as powerful regulators of 

chondrogenesis in MSCs.  TGFβ is required for chondroinduction of MSCs (Bian et al., 

2011; Tuli et al., 2003).  In vivo, TGFβ induces ectopic Sox9 expression and chondrocyte 

lineage selection (Kawakami et al., 2006) most likely through Smad3-enhanced Sox9 

transcriptional activity (Furumatsu et al., 2005).  Culture in compliant 3D formats 

activates chondrogenesis, marked by a loss of actin stress fibers and the generation of a 

rounded morphology (Benya et al., 1988; Benya and Shaffer, 1982; Brown and Benya, 

1988; von der Mark et al., 1977).  Moreover, Sox9 expression in MSC is regulated by the 

actin cytoskeleton and Rho/ROCK signaling (Woods et al., 2005). Mechanical load-
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induced chondrogenesis in hMSCs requires autocrine TGFβ expression (Li et al., 2010b), 

mirroring the autocrine TGFβ expression induced by cartilage-like substrates in Chapter 

5.  Therefore, mechanisms similar to those described for mature chondrocytes may 

regulate stiffness-sensitive chondrogenesis in MSCs. 

When work for this dissertation began, there was little known about the specific 

stiffness required to induce chondrogenesis in MSCs.  In other tissues, both precursor and 

mature cell types are induced by a similar stiffness.  Substrates of the same stiffness (~10 

kPa) induce myotube formation in myoblasts and myogenic gene expression in both 

MSCs (Engler et al., 2006; Georges and Janmey, 2005).  Similar results were seen in 

neurite branching and MSC neurogenesis on extremely compliant substrates (~1 kPa) 

(Engler et al., 2006; Flanagan et al., 2002).  Therefore, the 0.5 MPa substrates used in 

Chapter 5 may similarly induce chondrogenesis in MSCs. In this chapter we will 

determine whether substrate stiffness primes the TGFβ pathway to induce 

chondrogenesis in MSCs. 
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 Results 

ECM Stiffness Regulates Chondrogenic Gene Expression 

As demonstrated in Chapter 5, ECM stiffness regulates chondrocyte-specific gene 

expression in ATDC5s and primary chondrocytes.  To determine whether ECM stiffness 

regulates chondrogenic gene expression, MSCs 

were cultured on several substrates with a stiffness 

range that spanned that reported for cartilage. First, 

mouse MSCs (mMSCs) cultured on a 0.5 MPa 

substrate for 7 days in chondrogenic media 

supplemented with TGFβ induced Sox9, Col2α1, 

and Aggrecan expression 4, 110, and 37-fold 

above plastic controls, respectively (Figure 6.1).  

While this induction in chondrogenic gene 

expression on 0.5 MPa substrates seems high, it is 

compared to the induction levels of mMSCs 

cultured on plastic that may be expressing little to 

no chondrocyte specific gene expression.  

Comparing Sox9, Col2α1, and Aggrecan 

expression levels in mMSCs to those in ATDC5 cells cultured in the presence of TGFβ 

for 8 days we find culture on a 0.5 MPa gel induces comparable expression levels for 

these chondrogenic genes (Figure 6.1). 

Human MSCs (hMSCs) also exhibit stiffness sensitive expression of Sox9.  

Compared to expression levels on plastic or overly compliant substrates, Sox9 expression 

Figure 6.1: Chondrogenic gene 
expression in murine MSCs is 
stiffness-sensitive.  Murine MSCs 
were cultured for 7 days in 
chondrogenic media supplemented 
with  5ng/ml TGFβ. On a 0.5 MPa 
substrate, hMSCs induce Sox9, 
Col2α1, and Aggrecan gene expression 
4, 110, and 37-fold above plastic 
controls. Chondroinduction in MSCs 
also exceeds levels in ATDC5s treated 
with TGFβ for 8 days. 

 



75 

is induced 6-fold on 0.5 MPa substrates in hMSCs culture in chondrogenic media for 5 

days (Figure 6.2A).  Moreover, in hMSCs cultured on 0.5 MPa substrates there is a 65% 

knockdown in Collagen I expression, consistent with chondroinduction (Benya and 

Shaffer, 1982; von der Mark et al., 1977)(Figure 6.2B).  While this data is preliminary, it 

indicates that hMSCs are driven toward chondrocyte lineage selection on cartilage-like 

substrates. 

 Although hMSCs on 0.5 MPa gels induce Sox9 gene expression, Col2α1 and 

Aggrecan expression remains low.  Aggrecan expression in hMSCs is repressed to the 

greatest extent on the 0.5 MPa substrate and appears to decrease with TGFβ exposure 

time on all substrates (Figure 6.3A and B).  This is surprising as mMSCs up regulated all 

three chondrocyte specific genes when cultured on a 0.5 MPa gel in the presence of 

TGFβ. Mwale, et al demonstrated that Aggrecan may be constitutively active in hMSCs 

before induction of chondrogenesis (Mwale et al., 2006).  Therefore, the knockdown 

Figure 6.2: hMSC gene expression is stiffness-sensitive. hMSCs cultured in 
chondrogenic media for 7 days demonstrate the greatest increase in Sox9 gene 
expression on 0.5 MPa substrates, similar to the stiffness of articular cartilage (A).  
Collagen I gene expression in hMSCs is markedly knocked down specifically on 
0.5 MPa substrates (B). 



76 

observed in hMSCs here could indicate an initial reprogramming event before 

commitment to the chondrocyte lineage.   

 Col2α1 expression was low in hMSCs regardless of substrate stiffness.  Analysis 

of the melt curves after QPCR revealed that none of the hMSC RNA samples were 

producing any PCR products for Colα1, even though PCR products for the housekeeping 

gene 18S was generated as normal (Figure 6.4).  This is surprising since Sox9 is induced 

in hMSCs on 0.5 MPa substrates and mMSCs induce both Sox9 and Col2α1 on 0.5 MPa 

substrates at such high levels. In all hMSC experiments cultured for longer than 24 hours, 

chondrogenic media was supplemented with 200 µM ascorbic acid.  Ascorbic acid 

inhibits Col2α1 mRNA expression (Sabatini et al., 2004), therefore the lack of Col2α1 

expression in hMSCs may be a result of media formulation.  Alternatively, a cartilage-

like stiffness may be sufficient to promote selection of a chondrocyte lineage, but not 

sufficient to support induction of Col2α1 and Aggrecan mRNA expression.  Analysis of 

Figure 6.3: Aggrecan gene expression is repressed in hMSCs by cartilage-like substrates 
and TGFβ. In hMSCs cultured for 7 days in chondrogenic media, aggrecan gene expression is 
repressed more than 70% on 0.5 MPa substrates (A).  At short time points, aggrecan gene 
expression is also repressed by TGFβ treatment, regardless of stiffness (B). 
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other lineage markers and expression at several time points may be required to 

troubleshoot lack of hMSC Col2α1 expression on cartilage-like substrates.  

 

 

Figure 6.4: hMSCs fail to produce Col2α1 PCR product.  Melt curves reveal 
that hMSCs fail to produce a PCR product from Col2α1 primers (A).  A Col2α1 
RNA sample is used as a postive control for comparison.  PCR products for the 
housekeeping gene 18S were generated as normal (B). 
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ECM Stiffness and TGFβ Synergistic Induction of Sox9 Expression in hMSCs 

As demonstrated in Chapter 5, TGFβ treatment synergistically enhances chondrocyte 

specific gene expression in ATDC5s cultured on cartilage-like substrates.  To determine 

the effect of TGFβ treatment on stiffness sensitive chondrogenic gene expression, hMSCs 

were cultured on plastic and 0.5 MPa substrates for 7 days in chondrogenic media in the 

presence or absence of TGFβ.  Again, Sox9 gene 

expression is induced in hMSCs cultured on 0.5 MPa 

substrates 4.5-fold over plastic controls (Figure 6.5).  

Moreover, treatment with TGFβ enhances Sox9 

expression in hMSCs, specifically on 0.5 MPa 

substrates.  While Sox9 expression is driven to an 8.5-

fold induction with TGFβ treatment on 0.5 MPa 

substrates, it has little effect on hMSCs cultured on 

plastic (Figure 6.5).  Therefore, while in ATDC5s, 

TGFβ treatment induces chondrocyte specific gene 

expression regardless of the stiffness of the ECM, 

hMSCs in monolayer require culture on a 0.5 MPa 

substrate for TGFβ-induced Sox9 expression.   

 

Rounded, Chondrocyte-like Morphology is Rapidly Induced by Culture on a Gel 

Undifferentiated MSCs have a fibroblastic morphology; but as they undergo 

chondrogenesis, they adopt the rounded morphology normally found in mature 

chondrocytes (Daniels and Solursh, 1991).  Culture on a cartilage-like stiffness (0.5 MPa) 

Figure 6.5: Substrate stiffness 
and TGFβ synergize to induce 
Sox9 expression. hMSCs cultured 
for 7 days on 0.5 MPa greatly 
induce Sox9 gene expression in 
response to TGFβ (5 ng/ml), 
relative to cells cultured on plastic 
in the absense of TGFβ. 
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induces MSC rounding.  In Figure 6.6A, after 3 days of culture, MSCs in chondrogenic 

media are noticeably more rounded on a 0.5 MPa substrate than on either softer or stiffer 

substrates.  This pattern of rounding mirrors the preferential induction of Sox9 expression 

in hMSCs grown on 0.5 MPa substrates.  Quantification of MSC morphology after 4 days 

of culture demonstrates that a higher percentage of cells adopt a rounded morphology on 

a 0.5 MPa substrate than on overly compliant substrates (Figure 6.6B).  This stiffness-

induced change in morphology is chondrogenic media dependent, as MSCs cultured in 

growth media on a 0.5 MPa substrate do not round by day 3 (Figure 6.6A, lower panel). 

 

Figure 6.6: hMSCs adopt a rounded morphology on 0.5 MPa substrates.  hMSCs cultured for 
3 days on 0.5 MPa substrates in the presence of chondrogenic media adopt a more rounded 
morphology compared to cells cultured on softer or stiffer substrates (A).  hMSCs fail to round on 
0.5 MPa substrates in growth media. Quantification of hMSC cells shape at day 4 reveals a higher 
percentage of hMSCs are rounded compared to hMSCs on overly compliant substrates (B). 
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Stiffness-sensitive Chondrogenesis in hMSCs May Require Autocrine TGFβ and ROCK 

Signaling 

As seen in Chapter 5, chondrocyte specific gene expression in ATDC5 is induced on 0.5 

MPa substrates in response to autocrine TGFβ1 expression.  To determine whether a 

similar mechanism regulates stiffness-sensitive Sox9 expression in hMSCs, PAI1 

expression, a classical TGFβ responsive gene, was analyzed after 7 days of culture in the 

presence of chondrogenic media.  In Figure 6.7A, on plastic in the presence of TGFβ, 

PAI1 expression in hMSCs in induced 4-fold.  However, even in the absence of 

exogenous TGFβ treatment, PAI1 mRNA expression in hMSCs cultured on 0.5 MPa 

substrates is induced 6-fold over plastic controls, indicating activation of the TGFβ 

pathway in this  

condition.  Addition of TGFβ on 0.5 MPa substrates provides no further induction, 

suggesting that PAI1 expression is at a maximal level on 0.5 MPa substrates even before 

addition of exogenous TGFβ.  These results indicate that hMSCs may be producing 

Figure 6.7: Stiffness-sensitive Sox9 expression may require ROCK-regulated activation of 
the TGFβ pathway. PAI1, a classic TGFβ-responsive gene, is up-regulated in hMSCs cultured 
on 0.5 MPa substrates for 7 days, even in the absense of TGFβ (A).  ROCK inhibiton with 
Y27632 (10 μM) represses PAI1 (B) and Sox9 (C) induction in hMSCs on 0.5 MPa substrates. 
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autocrine TGFβ1 in response to culture on a 0.5 MPa substrate similar to ATDC5s and 

primary murine chondrocytes. 

In Chapter 5, stiffness-sensitive induction of autocrine TGFβ1 in ATDC5s on 0.5 

MPa substrates is regulated by ROCK signaling.  PAI1 expression in hMSCs cultured for 

7 days on a 0.5 MPa substrate is knocked down by 40% in the presence of the ROCK 

inhibitor, indicating that a similar mechanism may be regulating the activation of the 

TGFβ pathway (Figure 6.7B).  Moreover, in hMSCs cultured on 0.5 MPa substrates, 

treatment with a chemical ROCK inhibitor (Y27632) for 7 days results in a loss of Sox9 

induction (Figure 6.7C). Therefore, similar to ATDC5 and primary murine chondrocytes 

(Chapter 5), ROCK signaling is required for stiffness-sensitive induction of the TGFβ 

pathway and induction of Sox9 in hMSCs.    
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Discussion 

In summary, similar to the results found in Chapter 5, we have identified that 

MSCs up regulate chondrocyte specific genes in response to culture on a cartilage-like 

stiffness. However, induction of chondrogenic genes is isolated to Sox9 expression in 

hMSCs. This stiffness-induced Sox9 expression is accompanied by a rapid change in cell 

shape to a more rounded morphology on cartilage-like substrates.  Sox9 gene expression 

is synergistically enhanced by addition of exogenous TGFβ.  An up-regulation in PAI1 

expression on 0.5MPa gels indicates that autocrine TGFβ may also be induced in hMSCs 

in response to a cartilage-like stiffness.  Moreover, Sox9 and PAI1 induction in response 

a cartilage-like substrate are ROCK sensitive.   

While several chondrocyte specific genes were up regulated in murine MSCs and 

mature chondrocytes in Chapter 5, induction of chondrogenic gene expression was 

isolated to Sox9 for hMSCs.  This difference could be a result of differences in the 

species of the cells.  Possibly human chondrogenesis requires a stiffness that is distinct 

from the stiffness that induces murine chondrogenesis.   The shape change observed in 

hMSCs is also distinct from the trend observed in Chapter 5.  ATDC5s demonstrate no 

significant change in shape with a change in substrate stiffness.  Primary murine 

chondrocytes retain a rounded morphology on substrates of 0.5 MPa or less.  Indeed in 

experiments that lacked chondrogenic media, hMSCs exhibited no shape change but there 

was still an induction in Sox9 expression, although the induction was not as substantial as 

it was in chondrogenic media conditions.  Moreover, in a short time course Sox9 is 

rapidly induced on 0.5 MPa substrates much earlier than noticeable rounding occurs.  

These two observations taken together suggest that chondrogenesis in response to 
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substrate stiffness may act independently of shape change, or a rounded morphology may 

be secondary to Sox9 induction in hMSCs.  

Interestingly, exogenously added TGFβ produces no significant induction in Sox9 

expression in hMSCs culture on plastic.  Only when hMSCs are cultured on a gel is there 

a marked induction in Sox9 expression with exogenously added TGFβ.  This response 

does not seem to indicate a lack of responsiveness to TGFβ, as PAI1 gene expression is 

still induced on plastic, but rather an inability of TGFβ to specifically induce Sox9 gene 

expression in this particular cell culture context.  This is of course in sharp contrast to our 

results in Chapter 5, in which Sox9 and other chondrocyte specific genes are up-regulated 

in response to TGFβ regardless of the substrate stiffness.  It is well known that, in 

contrast to monolayer culture, 3D culture, or chemical inhibition of cytoskeletal tension, 

acts as a permissive signal upon which biochemical factors can be applied to induce 

chondrogenesis in hMSCs (Benya et al., 1988; Benya and Shaffer, 1982; Brown and 

Benya, 1988; von der Mark et al., 1977; Woods et al., 2005).  As seen in Chapter 5 in 

ATDC5 cells and primary murine chondrocytes, culture on a cartilage-like substrate 

reduces internal cellular tension and stress fiber formation.  As with a 3D environment, 

culture on cartilage-like substrates may act as a permissive signal by reducing internal 

cellular tension in hMSCs to allow Sox9 induction in response to TGFβ. 

Recent research into stiffness-induced chondrogenesis in MSCs at first glance 

appears to disagree with the findings described in this chapter.  Park et al. demonstrates 

that hMSCs induce Col2α1 mRNA expression when cultured on substrate far more 

compliant than cartilage ECM stiffness (~1 kPa)(Park et al., 2011).  In a study by 

Williamson et al., the stiffness of bovine articular cartilage increases 3-fold with 
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development (Williamson et al., 2001), therefore the optimal stiffness for 

chondroinduction may change with chondrocyte maturation.  Indeed, Engler et al found 

that osteogenesis in hMSCs was activated on a stiffness (~25 kPa) far softer than bone 

matrix, hypothesizing that this stiffness may mimic unmineralized osteoid 

microenvironment encountered by hMSCs in early osteogenesis (Engler et al., 2006).  As 

the stiffnesses investigated in this dissertation are several orders of magnitude stiffer than 

those used in other studies, directly comparing hMSCs cultured on 1MPa and 1kPa may 

further reveal the mechanisms behind stiffness-induced chondrogenesis.   

Future work should focus on identifying whether the TGFβ pathway is similarly 

impacted by culture of hMSCs on a cartilage-like substrate.  The results in this chapter 

suggest that a similar autocrine TGFβ mechanism has a role in stiffness-induced 

chondrogenesis.  Moreover, it would be interesting to explore the mechanisms that allow 

chondrogenesis on a cartilage-like substrate, but block induction on plastic even in the 

presence of TGFβ.  This phenomenon suggests that stiffness, in addition to regulating 

autocrine TGFβ, relaxes additional barriers to chondrogenesis that have yet to be 

identified.   A more in depth understanding of the mechanisms that regulate the initiation 

of chondrogenesis will add in the development of tissue engineering strategies for 

articular cartilage. 
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CHAPTER 7 
 

Summary and Future Directions 

 

 In summary, we have adapted polyacrylamide (PA) gel substrates to facilitate 

innovative studies into the complex physical and biochemical properties of articular 

cartilage.  These PA gel substrates were layered to act as mechanical models of the 

stratified material properties of articular cartilage. Development of a mathematical model 

from the loading behavior of stratified PA gels led to the novel observation that 

osteoarthritis (OA) drives the material properties of the cartilage extracellular matrix 

(ECM) towards homogeneity.  Homogeneous PA gels in the stiffness range reported for 

articular cartilage were used as cell culture substrates to identify the cellular mechanisms 

that integrate physical and biochemical cues in the control of chondrocyte differentiation.  

Specifically, substrate stiffness primes the TGFβ pathway to induce chondrocyte 

differentiation through both Smad and non-Smad mediated pathways.  We have found 

that chondrocyte differentiation is specifically induced by culture on a cartilage-like 

substrate (0.5 MPa). Treatment with exogenous TGFβ on a cartilage-like substrate 

induces a synergistic effect that drives chondrocyte gene expression far above that of 

either cue alone.  Culture of both ATDC5 cells and primary murine chondrocytes on 0.5 

MPa substrates reveals that autocrine TGFβ is required for stiffness-induced chondrocyte 

differentiation.  Substrate stiffness also hierarchically regulates Smad3 phosphorylation, 

nuclear localization, and transcription.  When TGFβ is added exogenously, synergistic 

induction of chondrocyte gene expression becomes Smad3 independent, acting instead 
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through the p38 MAPK pathway. We have identified similar mechanisms in human 

mesenchymal stem cells (hMSCs), although isolated to Sox9 gene expression.  The 

differences in gene inducibility between hMSCs and mature chondrocytes indicates that 

the interaction between substrate stiffness and TGFβ, highly tuned to a specific stiffness 

in mature chondrocytes, may require another as yet unidentified mechanism in the 

regulation of chondrogenesis.  

 Although this dissertation describes several novel mechanisms through which 

cells integrate signaling from ECM stiffness and TGFβ, our understanding of the 

mechanisms by which cells integrate physical and biochemical cues remain incomplete.  

Future work should focus on the questions left unanswered by the work in this 

dissertation.  For example, the mechanisms that specify the induction of chondrocyte 

differentiation only on a cartilage-like stiffness remain to be explored.  In Chapter 5, 

chondroinduction on a 0.5 MPa substrate requires autocrine TGFβ.  While TGFβ mRNA 

expression and ligand production increases with compliance reaching a maximum on the 

softest gel (Figure 5.4C), there is not a concurrent increase in Smad3 phosphorylation on 

overly compliant substrates (Figure 5.5A).  While the lack of Smad3 phosphorylation on 

overly stiff substrates is most likely a result of low autocrine TGFβ production, Smad3 

phosphorylation is expected on overly compliant substrates where cells are expressing 

autocrine TGFβ.  The mechanism that prevents TGFβ-inducible Smad3 phosphorylation 

on overly compliant substrates is unknown, but must lie between production of the ligand 

and effector activation, narrowing the possibilities (Figure 5.7).  Post-translational 

modification of TGFβ activation may be involved, as myocyte stretch-activated release of 

TGFβ1 from the latency associated peptide occurs on stiff, but not compliant, substrates 
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(Hinz, 2009; Wells and Discher, 2008).   Moreover, as crosstalk between integrins and 

growth factor receptors is important in the regulation of cell behavior (Eliceiri, 2001), it 

is possible that stiffness, in regulating integrin clustering, also affects growth factor 

receptor clustering or availability.   

Cell shape and substrate stiffness are strongly linked (Yeung et al., 2005), 

therefore it is difficult to separate these two cues from one another.  The work of Chris 

Chen has elegantly demonstrated that cell shape itself can regulate apoptosis and stem 

cell lineage selection independent of substrate stiffness (Chen et al., 1997; Gao et al., 

2010; McBeath et al., 2004; Shao et al., 2012).  There are several observations about cell 

shape in Chapters 5 and 6:  ATDC5 cells do not exhibit a cell shape change with 

stiffness; primary chondrocytes lose their rounded phenotype with increasing substrates 

stiffness; and hMSCs obtain a rounded morphology specifically on 0.5 MPa substrates, 

but only in the presence of chondrogenic media.  As ATDC5 cells, unlike primary 

chondrocytes, do not require rounded morphology for chondrocyte differentiation, they 

may provide insight into the relationship between substrate stiffness and cell shape.  As 

the mechanisms involved in the interaction between substrates stiffness and TGFβ can be 

observed in ATDC5 without any shape change, it would seem that a change in cell shape 

may be secondary to stiffness in regulation of chondrocyte differentiation.  However, 

substrate stiffness does have such a strong effect on cell morphology in non-transformed 

cells (murine primary chondrocytes and hMSCs) and therefore it is difficult to interpret 

the importance of cell morphology as a physical cue in chondroinduction.  Indeed, 

numerous studies have indicated the importance of a rounded morphology in inducing 

both chondrogenesis and maintenance of chondrocyte phenotype (Benya and Shaffer, 
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1982; Gao et al., 2010; Glowacki et al., 1983; Shao et al., 2012; Takahashi et al., 2007). 

In Chapter 6, hMSCs cultured on plastic adopt an elongated shape and in the presence of 

TGFβ will not induce Sox9 expression.  hMSCs cultured on a 0.5 MPa gel exhibit a 

rounded morphology and synergistically induce of Sox9 expression with TGFβ treatment 

(Figure 6.5).  It is possible that, in addition to an interaction between substrate stiffness 

and TGFβ, a change in cell shape may be required for the proper induction of 

chondrogenesis.   

It is well known that dimensionality is a factor in cellular mechanosensing 

studies.  Several studies have found that similar stiffnesses induces cellular differentiation 

in 2D and 3D (Janmey and Miller, 2011).  However, other studies have demonstrated that 

dimensionality can affect integrin ligation, cell contraction, and intercellular signals 

(Griffith and Swartz, 2006). Further studies should focus on whether the cellular 

mechanisms that integrate physical and biochemical cues identified here in 2D are 

maintained in a 3D environment.  Though murine chondrocytes adopt a rounded 

morphology on cartilage-like substrate, they are cultured in monolayer and therefore may 

best represent chondrocytes from the thin superficial layer of articular cartilage.   It 

would be interesting to determine, just as the moduli of articular cartilage vary with 

depth, whether chondrocytes harvested from different zones of cartilage have different 

optimal substrate stiffnesses and whether the mechanisms combining physical and 

biochemical cues vary as well.   

As it appears that substrate stiffness affects chondrocyte differentiation, it would 

follow that this physical cue plays a role in the development of osteoarthritis.  Indeed, the 

shear stress and physical manipulation by ultrasound have been shown affect the 
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osteoarthritic phenotype. Shear stress from fluid flow induces expression of matrix 

metalloprotease 9 and nitric oxide and decreases Col2a1 and aggrecan mRNA production 

in osteoarthritic chondrocytes (Lee et al., 2002; Smith et al., 1995). In a rat OA model, 

low-intensity pulsed ultrasound increased collagen II production and decreased 

histologically-assessed cartilage matrix damage (Naito et al., 2010).  Moreover, as 

osteoarthritis can arise from both a physical and biochemical impetus, studying the 

complex interactions between these two types of cues in the context of the disease may 

lead to innovative ideas about the true cause of osteoarthritis.  Future work into the 

response of osteoarthritic chondrocytes to a range of substrate stiffnesses and TGFβ 

treatment may elucidate new therapeutic targets.     

 While the work here describes an interaction between one physical and one 

biochemical cue, there are numerous others that may be important in differentiation of 

chondrocytes or other cells types.  The ECM, while providing numerous physical cues, 

also binds soluble growth factors and controls diffusion rates, creating concentration 

gradients (Griffith and Swartz, 2006).  Interstitial fluid flow, in addition to its role as a 

mechanical cue, functions to transport soluble factors through the ECM.  Studies have 

found that interstitial flow can regulate the distribution of proteoglycans and proteases 

and can even synergize with VEGF in angiogenesis (Griffith and Swartz, 2006).   

 While exploring interaction between physical and biochemical cues is 

challenging, this strategy has proven relevant for tissue engineering applications.  Many 

factors have to be considered to recapitulate the properties of the original healthy tissue.  

In this vein, synthetic gels have been developed that control growth factor binding sites, 

and restrict internalization while providing an tunable physical environment (Griffith and 
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Swartz, 2006).  Aligned nanofibers synergize with bFGF in wound healing (Patel et al., 

2007).  High shear stress combined with endothelial growth factor synergistically induces 

differentiation of Placenta-derived multipotent cells (Wu et al., 2008). The cellular 

microenvironment is so complex, that the success of tissue engineering therapies may 

bank on a better understanding of how disparate cues work together to regulate tissue 

maintenance and function. 
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