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Abstract 

The ability of cells to generate a coordinated response to the biochemical and physical cues in 

the microenvironment is fundamental to development and disease. Signaling pathways integrate 

these cues through physical and functional interactions among ligands, receptors, and effectors. 

Cell surface receptors, in particular, undergo spatially regulated organization and 

multimerization to calibrate the quality, intensity, and duration of the signal and response. 

However, the mechanisms by which receptors enable the cell to achieve a concerted response to 

diverse biochemical and physical cues remain unclear. Elucidating these mechanisms is essential 

for understanding how the cellular microenvironment regulates growth factor signaling. To 

investigate these spatial and molecular mechanisms, we optimized novel high-resolution and 

single particle tracking imaging techniques and utilized established biochemical assays to 

examine TGFβ signaling. TGFβ receptors type I and II are discretely localized to segregated 

spatial domains at the cell surface. Interestingly, integrin-rich focal adhesions organize TβRII 

around TβRI, altering receptor mobility and limiting the integration of TβRII while sequestering 

TβRI at these sites. Disruption of cellular tension leads to a collapse of this highly ordered and 

unique spatial organization of TGFβ receptors at sites of adhesions. Furthermore, a change in 

cellular tension through ROCK inhibition or culturing cells on compliant substrates drives the 

formation of heteromeric TβRI/TβRII complexes and the phosphorylation of downstream TGFβ 

effector Smad3. This work details a novel mechanically-regulated mechanism whereby focal 

adhesions and cell tension control the spatial organization, multimerization, and signaling of 

growth factor receptors in the TGFβ pathway, providing new insight into the cellular 

mechanisms that integrate biochemical and physical cues. 
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Abstract 

Physical and biochemical cues play fundamental roles in the skeleton at both the tissue and 

cellular levels. The precise coordination of these cues is essential for skeletal development and 

homeostasis, and disruption of this coordination can drive disease progression. The growth factor 

TGFβ is involved in both the regulation of and response to the physical microenvironment. It is 

essential to summarize the current findings regarding the mechanisms by which skeletal cells 

integrate physical and biochemical cues so that we can identify and address remaining gaps that 

could ultimately improve skeletal health. In this review, we describe the role of TGFβ in 

mechanobiological signaling in bone, cartilage, and tendon at the tissue and cellular levels. We 

provide detail on how static and dynamic physical cues at the macrolevel are transmitted to the 

microlevel, ultimately leading to regulation at each level of the TGFβ pathway and to cell 

differentiation. The continued integration of engineering and biological approaches is needed to 

answer many remaining questions, such as the mechanisms by which cells generate a 

coordinated response to physical and biochemical cues. We propose one such mechanism, 

through which an optimal physical microenvironment regulates TGFβ signaling to induce 

skeletal cell differentiation. 

 

  



 3 

Overview 

Among their many essential roles, skeletal tissues routinely encounter mechanical forces as part 

of their structural, locomotor, and protective functions. The unique extracellular matrix (ECM) 

of each skeletal tissue is central to this mechanical behavior. Lest we view the skeleton as the 

static infrastructure of the body, this ECM is dynamic and biologically regulated. For example, 

changes in either metabolism or mechanics profoundly impact bone mass and quality (1,2). 

Likewise, biological and physical cues are able to direct the composition and organization of the 

ECM of bone, cartilage, tendon, and other musculoskeletal tissues. Through cellular and 

molecular mechanisms that are becoming increasingly clear, a feedback loop continuously 

balances the mechanical integrity of these tissues with ever-changing physical demands. 

  

Recent advances in cellular mechanobiology highlight the role of transforming growth factor-

beta (TGFβ) in both arms of this feedback loop. On one side, TGFβ is a well-known regulator of 

ECM synthesis and remodeling that can specify the material quality of the ECM (3,4). On the 

other, TGFβ signaling is integral to the cellular response to physical cues (5). Therefore, this 

review focuses on TGFβ in the mechanobiological mechanisms by which skeletal cells and 

extracellular matrices integrate physical and biochemical cues to support skeletal function. These 

mechanisms are essential for skeletal homeostasis and their deregulation contributes to diseases 

ranging from post-traumatic osteoarthritis to bone fragility, both of which have been integrally 

linked to defects in TGFβ signaling (6-8). This mechanistic understanding has the potential to 

reveal novel molecules and pathways that can be targeted therapeutically to improve skeletal 

health.  
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TGFβ signaling in the skeleton 

TGFβ is the prototype of a large family of growth factors that also includes BMPs, activins, and 

GDFs. Like other family members, TGFβ itself regulates diverse cellular behaviors ranging from 

fate specification, lineage selection, and differentiation, to epithelial-mesenchymal transition, 

migration, proliferation, and apoptosis (9). At a high level, TGFβ signals through a complex of 

heterotetrameric transmembrane receptor serine/threonine kinases. Once the TGFβ ligand is 

activated from its latent form – via integrin-mediated activation, cellular tension, or acid- or 

protease-mediated cleavage – it binds directly to a pair of type II receptors (10-14). The ligand-

bound TβRII complex recruits and phosphorylates two type I receptors (TβRI) – either Alk5 or 

Alk1 (15,16). TβRI, in turn, phosphorylates and activates Smad2/3 proteins and multiple non-

canonical effectors, such as Smad1/5/8, RhoA, TAK1, and Akt (17,18). In complex with Smad4, 

phosphorylated Smads translocate to the nucleus where they interact with sequence-specific 

transcription factors, coactivators, and corepressors to modulate gene expression. 

 

The effect of TGFβ signaling on cell behavior is highly context-dependent. TGFβ activity 

depends on cell-intrinsic factors, such as the composition of cell-surface receptor complexes or 

the availability of specific transcription factors, as well as cell-extrinsic factors, such as the 

activity of other signaling pathways or the physical features of the ECM (19). This complexity is 

evident in TGFβ-mediated control of mesenchymal differentiation into chondrogenic and 

osteogenic lineages. TGFβ-activated Smad3 promotes chondrogenic differentiation by 

facilitating recruitment of the coactivator CBP to transcriptional complexes containing the 

chondrogenic transcription factor Sox9 (20,21). On the other hand, TGFβ inhibits osteogenic 

differentiation through Smad3 recruitment of the corepressor histone deacetylase 4 to repress 
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Runx2-inducible osteogenic gene expression (22,23). As will be discussed later, cell-extrinsic 

differences in ECM stiffness or topography further influence the ability of TGFβ to promote 

chondroinduction of MSCs (24). Thus, the combination of cell-intrinsic factors and cues 

presented in the cellular microenvironment dramatically alter the activity of the TGFβ pathway 

in skeletal cell differentiation. 

 

In addition to influencing cell differentiation, another key function of TGFβ is its ability to 

control ECM synthesis and remodeling. TGFβ regulates the expression of various ECM proteins, 

such as fibronectin, collagens, and other matrix glycoproteins (9). Depending on the cell type 

and context, TGFβ also controls the expression of proteases such as matrix metalloproteases 

(MMPs) and their inhibitors (TIMPs) (25,26). In this way, TGFβ can stimulate or limit ECM 

remodeling. The ECM, in turn, regulates TGFβ signaling. Heparan sulfate domains of many 

ECM proteins such as fibronectin bind and sequester TGFβ in the ECM (27). Small leucine-rich 

proteoglycans such as biglycan and decorin sequester TGFβ in the skeletal ECM, coordinating 

the control of bone marrow stromal cell fate (28). Not only do these protein/protein interactions 

provide spatial control of ligand availability, but they also regulate the activation of latent TGFβ. 

The ECM of the skeleton, in particular, has high local concentrations of TGFβ (29). 

 

In part because of its role in regulating skeletal cell differentiation and ECM synthesis, TGFβ 

plays a vital role in the development and homeostasis of many skeletal tissues. TGFβ, let alone 

the other TGFβ family members, has been implicated in over one dozen human skeletal diseases, 

most recently in the bone fragility associated with osteogenesis imperfecta (6,30). Many in vitro 

and in vivo studies have elucidated cellular and molecular mechanisms that underlie these 
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actions. This insight has motivated the development of pharmacologic agents to manipulate 

TGFβ signaling therapeutically. Several clinical trials are currently exploring the utility of these 

agents for a variety of conditions, including those in the skeleton (31). Because of the scope of 

this topic, we refer readers to other articles that review the important role of TGFβ signaling in 

the skeleton and in skeletal disease (3,30,32,33). Here we focus on the role of TGFβ in the 

regulation of skeletal extracellular matrices and in the response of skeletal cells to 

macromechanical physical cues and to physical cues within the extracellular matrix. 

 

Multi-scale mechanobiology of the skeleton 

Distinct features of the ECM, comprised of fibers and ground substance, support the mechanical 

function of each skeletal tissue. Almost all skeletal tissues utilize collagen fibers to provide 

toughness and resistance to tension, most notably the tendons and ligaments. The ground 

substance of skeletal extracellular matrices is more variable. Hard tissues such as bone, dentin, 

and enamel rely on mineral to provide resistance to deformation, whereas viscoelastic tissues 

such as cartilage and intervertebral disc employ proteoglycans to provide resistance to 

compression. Progress in understanding the mechanobiology of bone, cartilage, and tendon can 

serve as a foundation for more detailed analyses of dentin, intervertebral disc, and other less 

well-studied skeletal tissues. 

 

Each skeletal tissue senses and responds to physical cues at multiple hierarchical scales. 

Locomotion produces macromechanical forces that bone experiences as compressive and tensile 

strains, depending on the specific local geometries of each bone (34). The same motion is able to 

produce compression and osmotic pressure in cartilage and tension in tendon. The fibers and 
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ground substance of the skeletal ECM and skeletal cells respond to these forces in a variety of 

ways (Figure 1.1). For example, skeletal loading forces fluid through canalicular networks in 

bone that osteocytes sense as shear flow (35). Upon compression of cartilage, water is depleted 

from the proteoglycan-rich ECM, resulting in osmotic pressure changes in chondrocytes (36-38). 

Tenocytes experience stretch-induced changes in cellular tension (39). 

 

 

Figure 1.1 Transmission of load from macromechanical forces to the cellular level. 
Mechanical forces produced by locomotion uniquely affects each tissue (bone, cartilage, tendon, 
A) at the macroscale and microscale levels (B). Loading forces fluid through the canalicular 
networks in bone, where osteocytes reside and sense this load as shear stress (C). During the 
same loading regimen, cartilage experiences compression and water is depleted from its 
proteoglycan-rich matrix, resulting in osmotic pressure differences in chondrocytes (C). 
Mechanical loading of the joint increases tension of the patellar ligament/tendon and the 
tenocytes within experience stretch-induced changes in cell tension (C). 
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Even at rest, changes in the material properties and organization of the ECM alter cellular 

tension. Through actomyosin contractility, cells generate cellular tension by pulling on the ECM 

at integrin-rich focal adhesions. This process initiates a host of molecular responses which reveal 

the effect of physical cues at the molecular scale, for example by stretching proteins to expose 

hidden domains that alter binding or enzymatic activity (40,41). These changes impact cellular 

behaviors from migration to differentiation (42). Critical studies examining skeletal 

differentiation of mesenchymal progenitors (MSCs) revealed the profound effect of ECM 

stiffness and shape on lineage selection (43,44). For example, McBeath et al. showed that 

substrate shape and cell spreading directs lineage selection between osteoblast or adipocyte fates 

by modulating Rho activity (45). 

 

Micrometer-sized topographical features, such as the roughness of a titanium surface, influence 

cell behaviors including osteoblast attachment and the expression of osteoinductive transcription 

factors (46). Dalby et al. further demonstrated that osteoprogenitors on disordered nanoscale 

features preferentially expressed bone-specific ECM proteins, osteopontin and osteocalcin, and 

formed bone nodule-like structures (47). Such microstructures also regulate chondrocyte 

proliferation (48). Furthermore, these physical cues alter the cellular response to growth factor 

signaling, such that specific cues enhance the chondroinductive effects of TGFβ (24,49). Thus, 

physical cues intersect with biological systems at each of these length scales. 

 

Additional studies are needed to span these length scales to answer fundamental questions. 

Among the questions are “What are the mechanisms by which cells discriminate among the 

many types of macromechanical cues present in the skeleton?” and “How do cells integrate 
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signaling by physical and biochemical cues?”. Disciplinary gaps present challenges to finding 

these answers, in part because our insight into the macro-level derives more heavily from 

engineering and materials science, whereas cellular biology and biophysics inform our 

understanding of molecular scale mechanobiology. Therefore, this review seeks to provide 

macromechanical context for mechanobiological observations in skeletal biology. 

 

Tissue-level roles of TGFβ in skeletal mechanobiology 

Static and dynamic physical cues regulate skeletal tissue development and homeostasis, 

influencing material and mechanical properties. These properties deteriorate during disease, 

altering the ability of these tissues to withstand and respond to mechanical load. TGFβ signaling 

is essential throughout all of these processes. It contributes to the regulation and response to 

physical cues, such that disruption of TGFβ signaling impacts tissue development and activity. 

TGFβ is also deregulated during disease processes, which can further drive skeletal disease 

progress. Understanding the coupling of physical cues and TGFβ at the macroscale level is 

important for tissue regeneration efforts. 

 

Bone 

Bone exists in a state of dynamic equilibrium, undergoing competing processes of formation and 

resorption. Crosstalk among osteoblasts, osteoclasts, and osteocytes maintains bone mass even in 

the face of changing mechanical or metabolic demands (1,2). In particular, mechanical loads 

stimulate an increase in bone mass through a Wnt-dependent mechanism (50). Mechanical load 

represses osteocyte expression of sclerostin, a secreted antagonist of the osteoinductive Wnt 

pathway (51). TGFβ also plays a critical role in the anabolic response of bone to mechanical 
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load, such that ablation of TGFβ receptors prevents load-induced bone formation and repression 

of sclerostin expression (50). This occurs in part through mechanosensitive regulation of Smad3 

phosphorylation. Therefore, mechanical load regulates the activity of the two key pathways that 

regulate bone homeostasis - TGFβ and Wnt - through mechanisms that are coupled but remain to 

be fully elucidated. 

 

Many other factors in addition to bone mass influence the ability of bone to resist fracture. These 

factors, collectively considered ‘bone quality’, include bone geometry, trabecular 

microarchitecture, and ECM material properties, among others (52). The material properties of 

bone ECM are site-specific, biologically regulated, and functionally essential, and are controlled 

by TGFβ signaling through a TGFβ, TβRI/TβRII, Smad3, and Runx2 dependent mechanism 

(36). They can be regulated postnatally by pharmacologic antagonists of TGFβ signaling (37,38). 

This TGFβ-dependent control of bone quality may contribute to the fragility in patients with 

osteogenesis imperfecta, in which collagen mutations deregulate the activity of the TGFβ 

pathway (6). Though TGFβ is clearly mechanosensitive in bone and in other tissues, the extent to 

which bone quality is mechanoregulated through a TGFβ-dependent pathway remains to be 

determined. 

 

Cartilage 

Cartilage serves as a viscoelastic, lubricated cushion allowing for joint articulation with minimal 

wear. Though 80% water, the cartilage ECM is mainly comprised of proteoglycans such as 

aggrecan and hyaluronic acid and both fibrillar and non-fibrillar collagens. The integrity of 

articular cartilage ECM is regulated in part by mechanical loading. While healthy loads promote 
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cartilage homeostasis, excessive loads can also be harmful  (53). During loading, water is forced 

out of the ECM, imparting direct strain to chondrocytes in addition to generating secondary 

physical cues such as fluid shear stress and hydrostatic and osmotic pressures (54-56). 

Chondrocytes respond to these physical cues through multiple mechanisms including ion 

channels, focal adhesions, and primary cilia (57-59). For example, O’Conor et al. identified 

TRPV4 as an osmotically sensitive transducer of mechanical loading that regulates cartilage 

ECM synthesis (60). 

 

These mechanotransduction participants are important for growth factor signaling, such that 

integrins modulate mechanosensitive chondroinduction by TGFβ (24,61) and primary cilia 

support the chondrocyte response to hedgehog signaling (62). Indeed, deregulation of either 

TGFβ or hedgehog signaling has been implicated in osteoarthritic degeneration of articular 

cartilage (7,63). As cartilage degrades, the material properties of cartilage also change (64). The 

extent to which these physical changes in the cellular microenvironment contribute to the loss of 

chondrocyte homeostasis in arthritis remains to be determined. Additional research into these 

mechanobiologic mechanisms is needed to improve our understanding of and ability to prevent 

or treat this widespread debilitating disease. Already this insight has been applied to advance the 

use of stem cells for cartilage tissue regeneration, as discussed below.  

 

Tendon 

The closely-packed parallel collagen fibers within tendons affords them the ability to withstand 

and transfer large tensile forces from muscle to bone (65). Mechanical loading and exercise each 

modulate tendon ECM synthesis and remodeling. For example, Langberg et al. showed that 
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human physical training boosted type I collagen turnover in Achilles’ tendons (66). In mice, 

treadmill running was shown to increase the presence of myofibroblasts in patellar tendons, 

suggesting that tendons are actively repaired and remodeled under high loads (67). In addition, 

chronic exercise alters the expression of TGFβ3 in supraspinatus tendon as well as in ligaments 

(68,69). This increase is coincident with an increase in circulating TGFβ following exercise, 

though this could come from a variety of non-skeletal sources such as platelets (70,71). 

Disruption of TGFβ signaling results in the complete loss of tendon tissue (72,73). TGFβ 

coordinates tenocyte differentiation in the developing limb, in part by inducing expression of the 

tendon lineage-specific transcription factor, scleraxis (74). Tendon homeostasis also requires the 

TGFβ effector Smad3, which binds scleraxis and Mohawk, another key tenocyte transcription 

factor (75). TGFβ also participates in development of the tendon insertion, which itself is a 

mechanosensitive process (76). 

 

Development and regeneration 

As for the tendon insertion, physical cues are essential for the development and maintenance of 

skeletal tissues. The critical role of mechanical cues in developing the correct size and shape of 

skeletal elements, especially in the integration of musculoskeletal tissues at tendon insertions, is 

well-known (76-78). Postnatal mechanical forces also participate in defining bone shape, as 

exemplified by the increasing angle of the femoral head relative to the diaphysis in humans 

throughout early childhood (79). Insight derived from the study of physical cues in skeletal 

development and homeostasis has been applied practically to promote the directed differentiation 

of progenitor cell populations for skeletal tissue regeneration. A common approach has been to 

compare chondroinduction of stem cells in response to inductive physical and biochemical cues, 
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both alone and in combination. The combination of physical and biochemical cues often has a 

synergistic effect on chondrocyte differentiation and articular cartilage ECM synthesis. For 

example, treatment of bovine cartilage explants with dynamic compression and insulin-like 

growth factor (IGF-I) increased protein and proteoglycan synthesis significantly more than either 

stimulus alone (80). Elder et al. showed that the combination of hydrostatic pressure and TGFβ 

treatment increased Young’s modulus and collagen content in bovine articular cartilage over 

levels resulting from application of hydrostatic pressure or treatment with TGFβ alone (81). 

While it is clear that physical cues can prime cells for a more robust response to growth factor 

stimulation, the mechanisms by which cells integrate these diverse stimuli remain to be 

determined.  
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Cellular and molecular roles of TGFβ in skeletal mechanobiology 

The effect of static and dynamic physical cues on TGFβ signaling has been examined in multiple 

tissues, including in the skeleton. Collectively, these studies reveal the mechanosensitive 

regulation of the TGFβ pathway from ligands and receptors to transcription factors in the nucleus 

(Table 1). These mechanisms have proven relevant for diverse cell types in and out of the 

musculoskeletal system and represent molecular solutions to the fundamental cellular challenge 

of integrating diverse biochemical and physical cues to generate a coordinated cellular response.  

 

TGFβ mRNA and protein expression 

The expression and activity of the TGFβ ligands are sensitive to a wide variety of physical 

stimuli. It has long been established that physical cues regulate TGFβ1 expression at the mRNA 

and protein levels in both cartilage and bone. In 1994, Raab-Cullen et al. found that the 

application of mechanical load to tibial periosteal bone rapidly induces TGFβ mRNA levels (82). 

Sakai et al. demonstrated that physiological levels of fluid shear stress increase TGFβ1 protein 

expression in osteoblast-like Saos-2 cells (83). Since osteocytes sense shear stress following 

macromechanical load, the effect of shear stress on TGFβ expression helps to couple physical 

and biological signals to control of bone remodeling. In cartilage, cyclic compression on hMSCs 

in scaffolds stimulates mRNA and protein expression of TGFβ1 and TGFβ3, both of which can 

promote chondrogenesis (84). Static physical cues such as ECM stiffness, shape, or topography 

also regulate TGFβ1 ligand expression. TGFβ1 mRNA is increased as chondrocytes grow on an 

inductive substrate stiffness that promotes chondrogenic gene expression, and this autocrine 

TGFβ induction accounts for a significant fraction of the functional benefit of these physical cues 

(24). TGFβ1 expression is also sensitive to topography cues in bone implants, such that 
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production is higher on rough surfaces than on smooth surfaces (85). Therefore, regulation of 

TGFβ ligand expression is a key mechanism by which cells respond to physical cues.  

 

Activation of latent TGFβ ligand 

Not only is the TGFβ ligand regulated at the transcriptional level, but it is also undergoes post-

translation control. TGFβ is synthesized in an inactive form that is covalently linked to the 

latency-associated protein (LAP) (86). This small latent complex prevents the recognition of the 

TGFβ ligand by its receptors and therefore prevents induction of downstream signaling. In the 

majority of cells, the small latent TGFβ complex is bound by latent TGFβ-binding protein to 

form the large latent complex. This large latent complex is sequestered within the ECM, 

essentially providing cells with a reservoir of latent TGFβ (77,87). Depending on the cell or 

tissue type and the physiological context, multiple mechanisms activate latent TGFβ, including 

integrin-mediated activation, cellular tension, or proteolytic cleavage (10-13). In bone, osteoclast 

protease and acid secretion are involved in the activation of latent TGFβ. The mildly acidic 

environment formed during bone resorption to help dissolve the bone matrix is thought to 

denature LAP and disrupt the interaction between LAP and TGFβ (14). In myofibroblasts, 

generation of cellular tension directly activates latent TGFβ1 bound within a rigid ECM (13). 

One proposed mechanism for this activation is transmission of high cellular tension through 

integrins to TGFβ via the RGD sites in LAP. Cellular tension transmitted through these protein-

protein complexes induces a conformational change to release active TGFβ from LAP (13).  

 

Whether tension-dependent activation of latent TGFβ operates in other skeletal cell types 

remains to be determined. Nonetheless, important findings in cartilage and tendon suggest the 
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role of similar mechanisms. Albro et al. demonstrated that mechanical shearing of synovial fluid 

can activate a substantial amount of latent TGFβ, which then remains stable in synovial fluid 

(88). In addition, mechanical stretching of tendon fibroblasts increases secretion of TGFβ (89). 

Maeda et al. found that tendon transection in vivo increases activated TGFβ levels (90). In vitro, 

when exposed to mechanical force by fluid shear stress, tenocytes express much higher levels of 

TGFβ1. Together, these results suggest that sudden interruption of tensile loading by complete 

tendon transection might destabilize the surrounding structure of the ECM, releasing active 

TGFβ (90). A precise mechanism for activation in these contexts is not yet fully understood. In 

bone, deregulation of latent-TGFβ activation results in Camurati-Engelmann disease (91-94). 

Therefore, it will be especially important to determine the extent to which these 

mechanosensitive mechanisms of latent TGFβ activation occur in bone at the tissue or cellular 

level. 

 

TGFβ signaling at the receptor level 

For TGFβ and for other signaling pathways, the regulation of receptor clustering, 

multimerization, and internalization affects ligand binding and effector recruitment as well as 

downstream signal intensity and duration (95-98). For example, the internalization and 

endocytosis pathways of TGFβ receptors influence receptor function and activity (96). Receptor 

internalization through clathrin-coated pits promotes downstream TGFβ activity, as the Smad2 

anchor SARA is enriched. In contrast, internalization through lipid raft-caveolar pathways leads 

to receptor degradation by interactions with Smad7-Smurf2 (99). TGFβ receptors have also been 

shown to interact with integrins (100), a key component of the mechanotransduction pathway, 

such that an active integrin β1 subunit is required for collagen-induced Smad activation. 



 17 

Nonetheless, a direct link between physical cues and TGFβ receptor organization and activity has 

only recently been established.  

 

We recently demonstrated for the first time that cellular tension regulates the spatial organization 

and multimerization of TGFβ receptors at sites of cellular focal adhesions in chondrocytes (61). 

Specifically, focal adhesions discretely organize TGFβ receptors such that TβRI is included 

within adhesions and TβRII is specifically excluded from these sites. Disruption of cellular 

tension through the use of chemical inhibitors or culturing cells on compliant substrates releases 

this highly structured organization and drives TβRI/TβRII heteromerization, leading to an 

increase in downstream effector Smad phosphorylation. Receptor multimerization thus acts as a 

mechanism for mechanocoupling of TGFβ receptor signaling, and possibly for other pathways 

(61,101). Others have shown that the solid-state presentation of ligands plays a critical role in 

structuring multimeric receptor clusters. For example, major histocompatibility complexes 

(MHC) bound to antigen presenting cells are able to structure the organization of T cell receptors 

(101). Likewise, ligands embedded in the ECM, such as TGFβ or collagen II, may be important 

for the structured organization of both TGFβ receptors and integrin α2β1 (61,102). These protein 

complexes may create geometric constraints that structure receptor clusters and provide focal 

adhesions with the capability to integrate signaling between physical and biochemical cues. 

 

This organization and its sensitivity to cell tension have several functional implications. For 

example, the organized TGFβ receptors at focal adhesions would have increased access to the 

reservoir of tension-activated TGFβ in the ECM, especially in response to stiff substrates or 

mechanical loads. Furthermore, this organization might provide a mode to sequester TGFβ 
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receptors and prevent activation of downstream signaling until the optimum threshold of physical 

cues is encountered. This optimum likely acts as a gradient, such that the threshold for activation 

may vary not only between cell types, but also range depending on physical properties of the 

microenvironment, the presence or combination of biological factors, or even the stage of cell 

differentiation. Although preliminary findings show this observation is conserved across multiple 

cell types, more work is needed to determine the extent to which this receptor organization is 

present in and relevant to bone and other skeletal cells. It will also be interesting to study 

whether this spatial organization changes during cell differentiation or in disease. During disease 

processes ranging from vascular disorders to osteoarthritis, the TβRII multimerization partner 

inappropriately switches from Alk5 to Alk1 (103). Although we do not observe any 

organizational differences between Alk5 and Alk1 so far, it will be interesting to examine the 

spatial organization of TGFβ receptors in osteoarthritic chondrocytes, where the surrounding 

physical environment and the biological mechanisms are disrupted. 

 

Downstream TGFβ effectors 

Recent studies have revealed the ability of physical cues to regulate downstream components of 

the TGFβ pathway within the context of cell differentiation. Smad3 phosphorylation, 

localization, and transcriptional activity are regulated by physical cues during differentiation of 

chondrocytes on substrates of varying stiffness (24). Allen et al. demonstrated that ECM stiffness 

is sufficient to induce Smad3 phosphorylation and nuclear translocation, as well as Sox9 and 

Col2a1 expression, even in the absence of exogenous TGFβ (24). Interestingly, the combination 

of ECM stiffness and exogenous TGFβ leads to a synergistic induction of downstream signaling 

relative to either cue alone. Similar findings of tension-dependent regulation of Smad3 were 
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observed in during TGFb-inducible epithelial mesenchymal transition (104), as well as with 

Smad1 in osteoinduction of MSCs grown in spread or confined configurations (105). At a larger 

scale, during load-induced bone formation, mechanical load rapidly represses TGFβ signaling, 

leading to reduced phosphorylation and activity of downstream effectors Smad2 and Smad3 (50). 

This response seems to be acutely sensitive to other factors, potentially including the type or 

magnitude of strain. More work is needed to elucidate the effects of static and dynamic physical 

cues on downstream effector Smad activity in both cartilage and bone.  

 

In addition to the canonical TGFβ effectors like Smad3, YAP and TAZ are effectors shared by 

TGFβ and mechanotransduction cascades. They act as nuclear relays of mechanical signals from 

ECM stiffness and cell shape. Nuclear translocation of YAP/TAZ is dependent on Rho activity 

and cellular tension (106). YAP/TAZ function is required for osteogenic differentiation of MSCs 

on a stiff ECM (106). Transfer of cellular tension to the nucleus is essential for activation of 

YAP/TAZ signaling in response to dynamic stretch (107). Even in vivo, MT1-MMP (Mmp14)-

dependent changes in the local ECM microenvironment were required for YAP/TAZ nuclear 

translocation in the regulation of osteogenic differentiation (108). YAP and TAZ are also 

transcriptional coregulators that can direct the nuclear localization of Smad2/3 in embryonic 

stem cells (109). Whether YAP/TAZ nuclear localization contributes to the stiffness-sensitive 

translocation of Smad3 remains to be determined (24). 
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Molecular Model of a Physical Optimum for TGFβ signaling 

These findings collectively reveal the close relationship between physical cues and TGFβ 

signaling, and further suggest the presence of a signaling feedback mechanism. For example, we 

and others have reported that the effect of substrate stiffness or cellular tension/Rho/ROCK 

activity on downstream TGFβ signaling is synergistic and nonlinear (24,110). We propose a 

model (Figure 2) by which the combination of an optimal physical environment and TGFβ best 

drive the induction of skeletal cell differentiation. In a sub-optimal physical environment, TGFβ 

receptors are sequestered from each other at sites of adhesion. Furthermore, due to lack of cell 

tension in this environment, integrins are unable to release TGFβ from its latent form. This 

results in basal levels of downstream TGFβ signaling. Addition of exogenous TGFβ to this 

microenvironment leads to an increase in TGFβ signaling away from sites of adhesion and an 

induction in downstream Smad effectors. In an environment with optimal physical cues – either 

static (e.g. ECM stiffness) or dynamic (e.g. mechanical loading) – TGFβ receptors are no longer 

sequestered from each other, allowing them to form a complex and initiate downstream 

signaling. Upon this more ideal substrate, integrins release activated TGFβ ligand from its latent 

form, and the ligand can bind to TGFβ receptors that are already in a primed position. Addition 

of exogenous TGFβ to this physical environment results in multimerization and activation of 

TGFβ receptors at and away from sites of adhesion, leading to increased levels of downstream 

Smad activity and an ideal situation for TGFβ-inducible differentiation. Interestingly, Allen et al. 

demonstrated that ECM stiffness alone can induce TGFβ1 expression, which might participate in 

this feedback mechanism, further driving the activation of TGFβ signaling and differentiation 

within the optimal physical environment (24). The physical cues that comprise this optimum 

environment may differ between cell and tissue types, and may vary from development to 
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disease. Furthermore, it is important to note that these cues most likely act through a gradient or 

threshold levels rather than a simple “on/off” mechanism, further adding to the complexity of 

this proposed mechanism. 
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Figure 1.2. Proposed mechanism of interaction between physical cues and TGFβ in 
inducing skeletal cell differentiation. In a non-optimum physical microenvironment (A, B), 
TGFβ receptors are sequestered from each other at sites of adhesion. Due to lack of ideal cellular 
tension, integrins are unable to release activated TGFβ ligand from the ECM. This combination 
of cues leads to basal levels of downstream TGFβ signaling (A), unless exogenous TGFβ is 
added (B). Upon addition of TGFβ, TGFβ receptors away from sites of sequestration at 
adhesions are able to bind the ligand and initiate downstream signaling (B). In an optimum 
physical microenvironment (C, D), the sequestration of TGFβ receptors at sites of adhesion is 
released. The receptors are able to bind active ligand that was released by integrin interactions 
with LAP (C). Addition of TGFβ to the optimum physical microenvironment leads to a 
synergistic induction of downstream TGFβ signaling and an ideal microenvironment to induce 
skeletal cell differentiation (D).  
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Summary 

In this review, we summarize the ability of static and dynamic physical cues to regulate TGFβ 

signaling from the ligand to the nuclear level in skeletal cells. We propose a mechanism that 

might enable cells to recognize an optimal physical environment and generate a coordinated 

response to the complex cues in the microenvironment, thus regulating TGFβ signaling and 

inducing cell differentiation. However, many questions remain regarding the cell’s ability to 

distinguish between and integrate such cues in a manner that regulates both behavior at the 

cellular scale and properties at the tissue scale. It will be interesting to not only answer these 

questions, but also to investigate how these abilities and the gradients of cues shift between cell 

types or during differentiation, homeostasis, and disease progression. The continued elucidation 

of these mechanisms will provide essential insight into the roles that these integrated cues play in 

skeletal processes from development to disease. 
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Table 1.1. Effects of physical cues on TGFβ signaling 

mRNA and protein expression!
TGFβ1 mRNA Substrate stiffness Chondrocytes, cell Allen et al. (24) 
TGFβ1 protein Substrate stiffness Chondrocytes, cell Allen et al. (24) 
TGFβ mRNA Mechanical load Bone, tissue Raab-Cullen et al. (82) 
TGFβ1 protein Shear stress Bone, cell Sakai et al. (83) 
TGFβ1,3 mRNA Cyclic compression Chondrocytes, cell Li et al. (84) 
TGFβ1,3 protein! Cyclic compression! Chondrocytes, cell! Li et al. (84)!
TGFβ1 protein Topography Bone, cell Lohman et al. (85) 
Ligand!

TGFβ ligand, activation! Cell tension, 
substrate stiffness! Myofibroblasts! Wipff et al. (13)!

TGFβ ligand, activation! Shear stress! Cartilage, tissue! Albro et al. (88)!
TGFβ ligand, activation! Mechanical stretch! Tendon, cell! Skutek et al. (89)!

TGFβ ligand, activation! Tensile load, shear 
stress!

Tendon, tissue and 
cell! Maeda et al. (90)!

Receptor!
TGFβ receptor, 
organization!

Cell tension, 
ROCK activity! Chondrocytes, cell! Rys et al. (61)!

Effectors!
Smad3, nuclear 
translocation! Substrate stiffness! Cartilage, cell! Allen et al. (24)!

Smad3, phosphorylation! Substrate stiffness! Cartilage, cell! Allen et al. (24)!
Smad2/3, 
phosphorylation! Mechanical load! Bone, tissue! Nguyen et al. (50)!

Smad1, nuclear 
translocation!

Cell shape, ROCK 
activity! Bone, cell! Wang et al. (105)!

Smad1, phosphorylation! Cell shape, ROCK 
activity! Bone, cell! Wang et al. (105)!

YAP/TAZ, nuclear 
translocation!

Substrate stiffness, 
Rho activity! Bone, cell! Dupont et al. (106)!

YAP/TAZ, nuclear 
translocation!

Dynamic stretch, 
strain transfer! MSC, cell! Driscoll et al. (107)!

Skeletal cell differentiation!
Sox 9, Collagen II! Substrate stiffness! Cartilage, cell! Allen et al. (24)!

Alkaline phosphatase!
Cell density, shape, 
tension, RhoA 
activity!

Bone, tissue! McBeath et al. (45)!

Collagen II! Substrate stiffness! Cartilage, cell! Park et al. (49)!
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Chapter 2 

Materials and methods 

Plasmids 

The plasmids pRK5 TGFβ type I receptor Flag and pRK5 TGFβ type II receptor Flag were gifts 

from Rik Derynck (Addgene plasmids 14831, 31719). The plasmid pRK5 TGFβ type I receptor 

Myc was also a gift from Rik Derynck. 

All fluorescent protein expression vectors are available in the Michael Davidson Fluorescent 

Protein Collection on Addgene. 

All fluorescent protein expression vectors were constructed using C1 or N1 (Clontech-style) 

cloning vectors and initially characterized using the advanced EGFP variant mEmerald to verify 

proper localization of the fusions.  To construct the N-terminal (with respect to the fluorescent 

protein) human integrin alpha2 (NM_002203.3) fusions, the following primers were used to 

amplify the integrin alpha 2, and create the 18-amino acid linker (GSAGGSGVPRARDPPVAT): 

XhoI forward: CTC CGT CTC GAG ACC GCC ATG GGG CCA GAA CGG ACA GGG GCC 

KpnI reverse: CGG AAC GGT ACC CCG CTT CCG CCT GCG CTG CCG CTA CTG AGC 

TCT GTG GTC TCA TCA ATC TCA TCT GGA TTT TTG GTC 

Following digestion and gel purification, the PCR product was ligated into a similarly digested 

mEmerald-N1 cloning vector to produce mEmerald-Integrin alpha2-N-18.  The resulting fusion, 

along with mCherry-N1 cloning vector, was sequentially digested with AgeI and NotI to yield 

mCherry-Integrin alpha2-N-18. 
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To generate the N-terminal human integrin alpha V (NM_002210.4) fusions, the following 

primers were used to amplify the protein and create the 25-amino acid linker 

(PGSRAQASNSAVDGTAGPGSPPVAT) 

AgeI forward: CCC GGG ATC CAC CGG TCG CCA CCA TGG CTT TTC CGC CGC GGC 

GAC GGC TGC GCC TCG GTC  

HindIII reverse: AAT TGA AGC TTG AGC TCG AGA TCC CGG AAG TTT CTG AGT TTC 

CTT CAC CAT TTT CAT GAG GTT GAA GCT GCT CCC TTT CTT GTT CTT CTT GAG 

The PCR product was digested, gel purified, and ligated into a similarly treated mEmerald-N1 or 

mCherry-N1 cloning vector to yield the mEmerald-Integrin alphaV-25 or mCherry-Integrin-

alphaV-25 fusions.  

To construct the N-terminal tagged human vinculin (NM_003373.3) plasmids, the following 

primers were used to PCR-amplify and create a 21-amino acid linker 

(SGGSGILQSTVPRARDPPVAT): 

NheI forward: GTC AGA TCC GCT AGC ACC GCC ACC ATG CCA GTG TTT CAT ACG 

CGC ACG ATC GAG AGC  

EcoR1 reverse: CGA CTG CAG AAT TCC GCT GCC ACC GGA CTG GTA CCA GGG AGT 

CTT TCT AAC CCA GCG CAG 

The PCR product was digested and ligated into a similarly cut mEmerald-N1 or mCherry-N1 

cloning vector to yield mEmerald-Vinculin-N-21 or mCherry-Vinculin-N-21 expression vectors.  
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To construct the C-terminal human TBR2 (NM_001024847.2) fusion plasmids, the following 

primers were used to amplify the TBR2 and generate an 18-amino acid linker 

(SGLRSRESGSGGSSGSGS): 

XhoI forward: GAC GAG CTC GAG AGA GTG GCT CTG GTG GGT CGA GTG GAA GTG 

GCA GCG GTC GGG GGC TGC TCA GGG GCC TG  

BamHI reverse: CGT CTA GGA TCC CTA TTT GGT AGT GTT TAG GGA GCC GTC TTC 

AGG AAT CTT CTC C 

Following digestion and gel purification, the PCR product was ligated into a similarly digested 

mEmerald-C1 cloning vector, to produce mEmerald-TBRII-C-18.  The fusion, along with 

mCherry-C1 and mEos2-C1 cloning vectors, was sequentially digested with AgeI and BamHI 

and ligated to yield mCherry-TBRII-C-18 and mEos2-TBRII-C-18. 

To generate the N-terminal human TBRII plamids and create an 18-amino acid linker 

(SSGGASAASGSADPPVAT), the following primers were used: 

NheI forward: CGA TCC GCT AGC GCC ACC ATG GGT CGG GGG CTG CTC AGG GGC 

BamHI reverse: CCT GTA CGG ATC CGC GCT ACC ACT GGC TGC GCT TGC TCC ACC 

GCT GCT TTT GGT AGT GTT TAG GGA GCC GTC TTC AGG AAT CTT CTC C 

The PCR fragment was digested, gel purified, and ligated with a similarly treated mEmerald-N1 

cloning vector to produce mEmerald-TBRII-N-18.  The resulting fusion, along with mCherry-N1 

and mEos2-N1, was double digested with BamHI and NotI to yield mCherry-TBRII-N-18 and 

mEos2-TBRII-N-18 respectively. 
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To construct the N-terminal human Alk1 (NM_000020.2) expression vectors, the following 

primers were used to amplify the plasmid, and create a 13-amino acid linker 

(GSAGGSGDPPVAT): 

EcoRI forward: GCG TTG AAT TCA CCG CCA TGA CCT TGG GCT CCC CCA GGA AAG 

GCC 

BamHI reverse: CGG AAC GGA TCC CCG CTT CCG CCT GCG CTG CCT TGA ATC ACT 

TTA GGC TTC TCT GGA CTG TTG CTA ATT TTT TGT AGT GTC TTC TTG ATC 

Following amplification, the PCR fragment was digested, purified, and ligated to a similarly 

treated mEmerald-N1 cloning vector to yield mEmerald-Alk1-N-13.  Upon sequence 

verification, the resulting fusion, along with mCherry-N1, was digested with BamH1 and NotI 

and ligated to yield mCherry-Alk1-N-13.   

To generate the C-terminal human Alk5 (NM_004612.2) expression vectors, the following 

primers were used to amplify the plasmid, and create an 18-amino acid linker 

(SGLRSGSSAGSASGGSGS): 

BglII forward: GAC TCG AGA TCT GGC TCC AGC GCA GGC AGC GCA TCC GGC GGA 

AGC GGA AGC GAG GCG GCG GTC GCT GCT CCG CGT C 

HindIII reverse: CGG TCA AAG CTT TTA CAT TTT GAT GCC TTC CTG TTG ACT GAG 

TTG CGA TAA TGT TTT CTT AAT CCG C 

Following amplification, the PCR fragment was digested, purified, and ligated to a similarly 

treated mEmerald-C1 cloning vector to yield mEmerald-Alk5-C-18.  The resulting fusion, along 
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with mCherry-C1 and mEos2-C1, was double digested with BglII and NheI to yield mCherry-

Alk5-C-18 and mEos2-Alk5-C-18.   

To construct the N-terminally labeled Alk5 fusions, the following primers were used to amplify 

the Alk5 and generate a 13-amino acid linker (GSGGAGGGGPVAT): 

BglII forward: GTC TGT AGA TCT GCC ACC ATG GAG GCG GCG GTC GCT GCT CCG 

AgeI reverse: CGG TCA ACC GGT CCT CCG CCG CCC GCA CCC CCG GAA CCC ATT 

TTG ATG CCT TCC TGT TGA CTG AGT TGC GAT AAT GTT TTC TTA ATC CGC 

Following amplification, the resulting fragment was digested, purified, and ligated to a similarly 

treated mEmerald-N1 cloning vector, resulting in mEmerald-Alk5-N-13.  Following sequence 

verification, the plasmid, along with mCherry-N1 and mEos2-N1 cloning vectors, was 

sequentially digested with AgeI and NotI and ligated to produce mCherry-Alk5-N-13 and 

mEos2-Alk5-N-13 fusions. 

All DNA for transfection was prepared using the Plasmid Maxi kit (QIAGEN, Valencia, CA) 

and characterized by transfection in HeLa cells (CCL2 line; ATCC, Manassas, VA) using 

Effectene (QIAGEN) followed by observation under widefield fluorescence illumination to 

ensure proper localization. The sequences for all vectors were confirmed using Big Dye 

technology (The Florida State University Bioanalytical and Molecular Cloning DNA Sequencing 

Laboratory Tallahassee, FL). 

Cell Culture and Transfection 

Studies were performed using ATDC5 murine chondroprogenitor cells (RCB0565, RIKEN), 

NIH3T3 fibroblasts, MCF10A human mammary epithelial cells, and Human Embryonic Kidney 
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(HEK) 293 cells. Cells were treated as indicated with TGFβ1 (5 ng/ml, HumanZyme), Y27632 

(10 µM, Sigma-Aldrich), and blebbistatin (10 µM, Cayman Chemical). 

For imaging experiments, glass-bottom imaging wells (In Vitro Scientific) were coated with 

collagen II (1mg/ml in acetic acid diluted 1:100 in PBS), fibronectin (1mg/ml diluted 1:100 in 

PBS), or poly-l-lysine (0.1 mg/ml). ATDC5, NIH3T3, and MCF10A cells were transfected using 

Nucleofection (Lonza) or Effectene (Qiagen), and then plated on to the imaging wells. For 

biochemical assays, 293 cells were plated in 100 mm cell-culture dishes and transfected using 

Effectene (Qiagen) at 80% confluency.  

Antibodies, Co-immunoprecipitation, Immunoblotting, and Immunofluorescence 

For co-immunprecipitation experiments, 293 cells were transfected with integrin αV-mCherry, 

cofilin-mEmerald, TβRI-Flag, TβRII-Flag, and/or TβRI-Myc. 24 hours after transfection, cells 

were treated with TGFβ or Y27632 for 15 minutes. Cells were lysed (50 mM Tris pH 7.5, 150 

mM NaCl, 2 mM EDTA, 0.5% Igepal, 0.25% sodium deoxycholate, supplemented with protease 

and phosphatase inhibitor tablets) and immunoprecipitated with anti-Flag M2 beads (Sigma-

Aldrich) overnight prior to Western analysis (2). For immunoblotting experiments of 

downstream endogenous proteins, 293 cells were cultured on plastic or fibronectin-coated gel 

substrates (Advanced BioMatrix), treated with TGFβ as indicated for 30 minutes and then lysed. 

Blots were probed with anti-Flag (F3165, Sigma-Aldrich), anti-CD51, integrin αV (611013, BD 

Bioscience), anti-cofilin (ACFL02, Cytoskeleton), anti-pSmad3 (gift from E. Leof), anti-β-actin 

(ab8226, Abcam) and anti-TβRI (sc-398, Santa Cruz), and anti-mouse anti-rabbit secondary 

antibodies that were conjugated to 680 or 800CW IRDye fluorophores for detection using a LI-

COR infrared imaging system (LI-COR Biosciences). Blots shown are representative of multiple 
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technical replicates of at least three independent experiments for each condition (N≥3). Where 

indicated, quantitative analysis was performed using ImageJ. Band intensity for proteins of 

interest was normalized to band intensity of controls (Flag for co-IP and β-actin for whole cell 

extract). Fold change in band intensity was calculated relative to plastic control samples. 

ANOVA followed by Bonferroni correction and student’s t test were used to evaluate statistical 

significance. 

For immunofluorescence studies, ATDC5 cells were cultured on collagen II-coated glass 

substrates in 8 well Lab-Tek chamber slides (Nunc). Cells were fixed (4% paraformaldehyde) 

and permeabilized (0.5% Triton X-100 in PBS). Primary antibodies included anti-TβRII (sc-

1700, sc-400, Santa Cruz) and anti-TβRI (sc-398, sc-9048, Santa Cruz). Cells were imaged as 

described below. 

Affinity purification and reversed-phase liquid chromatography-electrospray tandem mass 

spectrometry (LC-MS/MS) 

Cells expressing TβRII-Flag or TβRI-Flag and integrin αV-mCherry in 10 cm cell culture dishes 

were lysed as above and affinity-purified with M2-Flag magnetic beads (Sigma-Aldrich), 

followed by on-bead trypsin digestion and mass spectrometry approaches to study associated 

proteins as described (N=3) (3). Peptides recovered were analyzed by reversed-phase liquid 

chromatography-electrospray tandem mass spectrometry (LC-MS/MS) as described (4). Briefly, 

peptides were separated by nano-flow chromatography in a C18 column, and the eluate was 

coupled to a hybrid linear ion trap-Orbitrap mass spectrometer (LTQ-OrbitrapVelos, 

ThermoScientific, San Jose, CA) equipped with a nanoelectrospray ion source. Following LC-

MS/MS analysis, peak lists generated from spectra were searched against the human subset of 
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the SwissProt database using in-house ProteinProspector (5). For analysis, peptide counts of each 

protein were normalized by the total protein content in the sample and the molecular weight of 

the respective protein. This provided an abundance index for each protein that served as a 

comparison between pulldowns. The ratio between abundance indices for TβR pulldowns to 

untransfected control (mock) pulldowns was used to screen candidate proteins. 

Image Acquisition and Analysis 

ATDC5, NIH3T3, and MCF10A cells were transiently transfected with fluorescently labeled 

expression plasmids and plated on collagen II, fibronectin or poly-l-lysine-coated glass-bottom 

imaging wells. Cells were imaged 24 hours after transfection, and treated with Y27632, 

blebbistatin, or TGFβ as indicated. Confocal images were obtained on a motorized Yokogawa 

CSU-X1 spinning disk confocal unit on an inverted microscope system (Ti-E Perfect Focus 

System, Nikon), with either a 100X/NA 1.49 oil-immersion objective (CFI Apo TIRF, Nikon) or 

a 40X/NA 1.15 water-immersion objective (CFI Apo LWD, Nikon), on a front illuminated 

CMOS camera (Zyla sCMOS, Andor). For TIRF and sptPALM, imaging was performed on a 

motorized objective-type TIRF inverted microscope system (Ti-E Perfect Focus System, Nikon) 

with activation and excitation lasers of 405 nm, 488 nm, and 561 nm, and an electron-

multiplying charged-coupled device camera (QuantEM 512, Photometrics), a 100X/NA 1.49 oil-

immersion objective (CFI Apo TIRF, Nikon), a stage top incubator (Okolab), and controlled by 

NIS-Elements software (Nikon). Cells expressing mEos2-tagged constructs were simultaneously 

activated with a 405 nm laser and excited with a 561 nm laser. Laser intensities were adjusted to 

maintain a constant sparse population of activated molecules that were spaced well enough for 

accurate localization and tracking. Prior to each sptPALM imaging sequence and 

photoconversion of mEos2, the mEmerald signal from mEmerald fusions of vinculin was imaged 
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to localize focal adhesions. NIS-Elements software (Nikon) was used for the acquisition of 

images at 10 fps. Individual receptors were localized and tracked using a previously described 

algorithm (6) written in MosaicSuite for ImageJ and available at (www.mosaic.mpi-cbg.de). All 

images were processed using ImageJ with a 0.6 gaussian blur filter to remove noise. Images 

shown are representative of multiple cells (N≥5) for at least three independent experiments for 

each condition. 

Colocalization quantification 

TIRF mode imaging was used to obtain intensity profiles of two distinct molecules over 

adhesion-rich regions of interest (for example, regions shown in Fig. 4.3A-C). The similarity of 

the two profiles was quantified to provide a measure of colocalization, specifically by comparing 

pixel intensities (8-bit grayscale) at each point across the two profiles. For each pixel, an ordered 

pair containing the intensities at that particular coordinate from both images was plotted. Values 

closer to the line y=x refer to coordinates that have very similar intensities in both profiles. 

Values further from y=x are coordinates that have a mismatch in intensities. By reflecting all 

points in the top half of this graph across y=x, a distribution of points is created between y=x and 

the x-axis, but the distance of individual points from y=x is preserved. The magnitude of the 

slope of the regression line through these points can be used as a quantitative metric of 

colocalization. The greater this slope, the higher the degree of colocalization. Plots are 

representative of multiple cells (N�3) and multiple regions of interest (N=5). ANOVA followed 

by Bonferroni correction was used to evaluate statistical significance. 
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Single-Molecule Tracking 

Each sptPALM imaging sequence generates tens of thousands of molecule trajectories per cell 

(N=6 cells for each TβR). From these, only trajectories lasting between 0.5 seconds and 2 

seconds (5 to 20 frames at 10 fps) were selected for analysis. Tracks that were not confined to 

either inside or outside focal adhesions were not considered in the quantitative analysis. For each 

individual track, a series of parameters were calculated to quantify receptor dynamics. These 

parameters include mean squared displacement (MSD), diffusion coefficient (!), and radius of 

confinement (rconf). MSD was computed as per equation 1 (7): 

Equation 1:   !"# ! = ! ∙ ∆! = (!!!!!!!)!!(!!!!!!!)!!!!
!!!

!!! . 

Where !! and !! are the coordinates of the molecule at time ! ∗ ∆! and ! is the number of frames 

for which the trajectory persisted. The radius of confinement (rconf) of a track is defined to be the 

magnitude of the radius of the smallest circle that encloses all points in that track. ! is defined as 

one-fourth of the slope of the regression line fitted to the first four values of the MSD as per 

equation 2: 

Equation 2:   !"# ! = 4!". 

Using these variables, trajectories were pooled into three fractions:  immobile, confined, and 

freely diffusive. Immobile molecules were defined as being restricted to a radius of confinement 

equal to one pixel (rconf < 0.166 µm). Confined molecules were defined as non-immobile tracks 

with a diffusion coefficient ! of less than 0.2 µm2/s, and the remaining tracks were considered 

freely diffusive. Custom routines written for Python were used for track quantification, analysis, 

and visualization. To account for variability in these large data sets consisting of tens of 
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thousands of tracks, we report mean and standard error of the mean (SEM). ANOVA followed 

by Bonferroni correction and student’s t test were used to evaluate statistical significance. 

To quantify the diffusive behavior of TβRI and TβRII around focal adhesions, we calculated an 

enrichment ratio to compare track densities in several (N≥5) focal adhesion-rich regions (where 

vinculin covered more than 25% of total area) across at least three cells. The enrichment ratio 

was defined as the ratio of the track density (tracks/µm2) inside adhesions to the track density 

outside adhesions within a given area. Student’s t test was used to evaluate statistical 

significance. 

Statistical Analysis 

For colocalization quantification (Fig. 4.3 and Fig. 4.6) and enrichment ratio (Fig. 4.4C), we 

report mean and standard deviation (SD). There are three circumstances in which it was more 

statistically appropriate to report the standard error of the mean (SEM). Specifically, to account 

for variability in large sptPALM data sets (consisting of tens of thousands of tracks), we report 

mean and SEM (Fig. 4.2E,F and Fig. 4.4I). Significance was calculated with ANOVA followed 

by Bonferroni correction and student's t test, with significance defined as p < 0.01. 

-- 

2D Gel Substrate Preparation 

Elastic modulus of polyacrylamide gels was modulated by varying the concentration of the 

crosslinker, piperazine diacrylamide (PDA) (Bio-Rad, 161-0202), from 1% to 3% (w/v), while 

maintain a constant concentration of the monomer, acrylamide (Bio-Rad, 161, 0140), at 30%. 

Polymerization of substrates was initiated with 10% (w/v) ammonium persulfate (APS) added at 
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a 1:200 dilution and enhanced by TEMED added at a 1:2000 dilution. Gels were vortexed 

thoroughly then polymerized in a 1 mm thick vertical glass mold for hand casting gels.  

Preparing Polyacrylamide Gels for Cell Attachment 

Polyacrylamide gels were conjugated with collagen II to facilitate cell attachment as previously 

described (8). A 1.8% (w/v) solution of acrylic acid n-hydroxysuccinimide ester (N2, Sigma, 

A8060) 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) (8). Polyacrylamide gel slabs were removed from the hand casting molds and cut into 3 

cm diameter cylinders using a stainless steel biscuit cutter. The gel cylinders were covered with 

200 µl of N2 solution and sandwiched horizontally between two large sterile glass slides prior to 

exposure from a handheld UV lamp (306 nm) for 10 minutes. 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 buffer (pH 8). The 

gels were incubated with 2 ml of collagen II solution overnight at 4C in ultra-low attachment 6 

well plates on an orbital shaker. Gels were rinsed with PBS and then allowed to equilibrate in 

cell culture media for one hour prior to cell seeding. Plastic or glass controls were coated with 1 

mg/ml collagen II in acetic acid, diluted 1:100 in sterile PBS for one hour at 37C. The solution 

was then removed and the plates were rinsed with PBS before seeding cells. 

QPCR 

RNA was isolated from hMSCs using RNeasy column purification (Qiagen). The lysis buffer 

was added to both plastic and gel conditions and RNA was isolated according to the 

manufacturer’s instructions, including on column DNase treatment. The concentration and purity 

of RNA was determined using a Nanodrop ND-1000 Spectrophotometer. 1 ug of RNA was 
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converted to cDNA in a reverse transcription (RT) reaction using the iScript cDNA Synthesis Kit 

(Bio-Rad). Quantitative PCR analysis of each sample was performed in a C1000 Thermal Cycler 

with CFX96 Real-Time System (Bio-Rad). Forward and reverse intro-spanning primers and iQ 

SYBR-Green Supermix (Bio-Rad) were used to amplify each cDNA of interest. Each sample 

was run in duplicate and all results were standardized to the housekeeping gene 18S. Fold 

changes in gene expression were calculated using the delta-delta Ct method (1). Figures display 

the mean and standard deviation for a representative experiment. 

Immunofluorescence 

Cells were cultured as indicated on collagen II-coated gel or glass substrates in 8 well Lab-Tek 

chamber slides (Nunc), with and without TGFβ for 45 minutes prior to analysis. Cells were 

washed in PBS twice and then fixed in 4% paraformaldehyde in PBS for 20 minutes at room 

temperature. After three PBS washes, cells were permeabilized in PBS with 0.5% Triton X-100 

for 5 minutes, and then washed again (3x PBS). Cells were blocked for 1 hour (PBS, 10% goat 

serum, and 0.5% Triton X-100) prior to overnight incubation at 4C with primary antibodies 

diluted in PBS, 2% goat serum, and 3% Triton X-100. Primary antibodies included Smad2/3 

(Santa Cruz), JNK (Cell Signaling), YAP (Santa Cruz), TβRII (Santa Cruz), and integrin β1 

(R&D Systems). For cell surface receptor experiments (TβRII and integrin β1), cells were not 

permeabilized and Triton X-100 was not included in the protocol. Cells were washed three times 

with PBS and then incubated with secondary antibodies (goat anti-rabbit Alexa Fluor 488)) 

diluted in PBS with 2% goat serum and 1.5% Triton X-100 for 1 hour at room temperature. Cells 

were washed three times with PBS and then stained with rhodamine phalloidin (Invitrogen) 

diluted 1:800 in PBS for 20 minutes at room temperature. Cells were washed again three times 

with PBS and the well walls were removed. For cells cultured on glass, the gasket was also 
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removed for adding Slowfade Gold mounting medium with DAPI (Invitrogen) and covering 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 imaged using an Olympus IX 

Widefield Microscope. Images were processed in ImageJ as previously described.  
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Chapter 3 

The use and optimization of novel high resolution imaging techniques 

Introduction 

Physical and biochemical cues in the cellular microenvironment play essential roles in the 

regulation of cell behavior. The initial interaction of these cues in the microenvironment and the 

cell’s first response to these combinations begins at the cell surface receptor level. Studying 

these interactions at such a level that would reveal the mechanisms by which receptors integrate 

these cues to generate a coordinated response has been technically challenging. This chapter 

details the imaging approaches utilized and optimized to investigate the interactions between 

TGFβ receptors and integrins at the cell surface. 

Conventional approaches 

Biochemical approaches are commonly utilized to study the interaction and localization of 

proteins of interest, despite their inability to capture and provide spatial information at high 

resolution. We started by employing such an approach, utilizing immunofluorescence to examine 

the localization of TGFβ receptor type II and integrins on the cell surface. This approach allows 

for the detection and visualization of endogenous levels of proteins. However, there are two 

major drawbacks of this approach that limit the study of these interactions:  1) the need to fix 

cells prior to labeling resulting in the inability to study live cellular and protein dynamics and 2) 

the non-specific labeling issues with antibodies, especially for TGFβ receptors. As shown in 

Figure 3.1, the labeling for TβRII using this approach appears diffuse and punctate throughout 

the whole cell.   
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Furthermore, the localization and extent of diffusivity of staining was inconsistent between 

biological replications. The addition of exogenous factors such as TGFβ or ROCK inhibitor did 

not affect the localization or relative amount of labeling (not shown). However, this result is not 

surprising given the lack of consistency and the overall non-specificity of the antibodies for 

TβRII. Therefore, we wanted to investigate this question from a different approach, in order to 

ensure we were able to properly visualize the proteins on the cell surface.	 

Expression constructs 

Figure 3.1. Staining of endogenous TβRII shows punctate organization. 
Immunofluorescence of ATDC5 cells imaged at 100x using widefield imaging provides 
limited insight into the structure and organization of TGFβ receptors. (green, TβRII; red, 
phalloidin; blue, dapi) 

 

25 µm 
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Fluorescently tagged expression constructs resolve the two shortcomings of using antibody-

labeling approaches – they allow for live cell imaging and are inherently specific to the protein 

of interest. They do present an issue in that you are no longer studying endogenous protein 

activity, but rather that of an artificially overexpressed protein. However, the ability of 

expression constructs to overcome the aforementioned issues makes them the most suitable for 

this system, until a more perfect technique is developed in the future. Several constructs 

expressing focal adhesion proteins – vinculin, paxillin, integrins – were generated to facilitate the 

study of TGFβ receptor behavior at the cell surface and at sites of adhesion. These constructs 

were also useful for validation of the model system, as their localization to focal adhesions 

indicated normal cell phenotypic behavior (Figures 3.2 and 3.3).  

 

 

A B C 

Figure 3.2. Vinculin and FAK expression constructs localize to adhesions. Fluorescently 
labeled expression constructs for vinculin (A,B) and FAK (C) localize to focal adhesions in 
hMSCs (A) and ATDC5 cells (B,C). 

50 µm 
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Fluorescently tagged constructs expressing TGFβ receptors were also generated for these studies 

(Appendix). This allowed for the visualization of TGFβ receptors and focal adhesion markers in 

the same cell. 

Total Internal Reflection Fluorescence Microscopy 

The mode of microscopy was also optimized for imaging the localization and behavior of TGFβ 

receptors at sites of adhesion. Figures 3.5 and 3.6 shows ATDC5 cells expressing mEmerald-

tagged TGFβ receptor type II, imaged by spinning disc confocal microscopy at 40x and 

widefield microscopy at 100x.  

Figure 3.3. Co-transfection of expression constructs allows for simultaneous 
visualization of two proteins. The co-transfection of fluorescently labeled vinculin (A) and 
filamin (B) constructs reveals co-localization (C) at sites of cellular adhesion. 

50 µm 
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Figure 3.4. TβRII is absent from sites of adhesion. Spinning disc confocal imaging at 40x of 
ATDC5 cells co-transfected with TβRII-mEmerald (A) and integrin α2-mCherry (B) reveals 
shadowed regions of TβRII (A) and discrete localization patterns (C, D). 
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Using these imaging techniques, we observed shadowed regions of TβR within protrusions near 

the cell edges indicating the absence or depletion of TβR in these areas. Also noticeable, is the 

level of fluorescent cytoplasmic background throughout the cell. In order to gain a better 

understanding of the organization at cell edges and near the cell surface, we needed to utilize an 

imaging approach called Total Internal Reflection Fluorescence (TIRF) microscopy at 100x 

magnification. TIRF microscopy is a high signal-to-noise ratio technique used to image a thin 

section of the sample and reduce background noise (1). TIRF utilizes an incident light that 

approaches the specimen from an angle, creating an evanescent field when the beam strikes an 

interface between two media. This evanescent wave at the coverslip-sample interface is typically 

less than 100 nm, ensuring that only fluorophores within that region, at the cell membrane, are 

Figure 3.5. Depleted regions of TβRII correspond to integrin α2 localization. Widefield 
imaging at 100x of ATDC5 cells co-transfected with TβRII-mEmerald (A) and integrin α2-
mCherry (B) reveals shadowed regions of TβRII and distinct localization patterns (C). 
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excited and captured during imaging. The effect of transitioning from out of TIRF mode to in 

TIRF mode can be seen in Figure 3.6.  

 

 

 

 

Reducing the cytoplasmic background and focusing on the cell membrane reveals an 

unprecedented view of TGFβ receptors at the cell surface near sites of adhesion, as marked by 

integrin expression. This mode of imaging unveiled a discrete spatial organization of TβRII 

within these areas of focal adhesions that could not be visualized using conventional microscopy 

approaches. Although this approach yields high resolution and specific insight into the 

localization, organization, and structure of TGFβ receptors at sites of adhesion, it is limited by 

the inability to spatially and temporally distinguish individual receptor molecules (Figure 3.7).  

Figure 3.6. TβRII is specifically excluded from sites of adhesion. A and B show the 
expression patterns of TβR2 and integrin α2 using out of TIRF, widefield imaging. Switching 
to TIRF mode (C,D) reveals a striking spatial organization where TβRII is not only excluded 
from focal adhesions, but it actually forms a peripheral ring around integrin α2 and other focal 
adhesion proteins. Regions of interest at sites of adhesion (E-G) provide a better appreciation 
of this distinct spatial organization of surrounding of TβRII around integrin α2. A quantitative 
representation (H) of a profile plot of intensity demonstrates a central peak of integrin α2 
expression surrounded by two peaks of TβRII expression. 
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Furthermore, conventional labels present additional challenges with fluorophore bleaching and a 

limited control of labeling density. In this way, it might require 10-100 cells with an average of 

10 tracks per cell to achieve meaningful results. Understanding the dynamics of single receptors, 

and specifically examining the organization and dynamics at the boundary of this spatial 

organization is critical for providing a mechanistic basis for how individual proteins facilitate 

cell function. 

Single particle tracking photoactivated localization microscopy 

Single particle tracking photoactivated localization microscopy (sptPALM) is a novel technique 

that combines single particle tracking with super resolution imaging. By performing this 

approach, we can observe the heterogeneities in the movements of individual proteins even in a 

crowded membrane environment, providing insights into cellular function. The use of 

Figure 3.7. Conventional labeling presents density and photobleaching issues. Imaging 
GFP-labeled TGFβ receptors is limited by an inability to control labeling density and 
distinguish individual receptor molecules spatially temporally (A). Conventional labels also 
photobleach within seconds (B), presenting difficulties with dynamic imaging. 
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photoactivatable markers provides the ability to examine subdiffraction localization and 

dynamics of individual molecules. Specifically, subsets of mEos2-labeled proteins are 

continuously and stochastically activated to intermittently photoswitch individual 

photoactivatable molecules to a bright state, which are then imaged and bleached. This 

continuous process allows us to spatially and temporally resolve individual receptor molecules 

that would otherwise be indistinguishable (Figure 3.8) (2).  

 

 

 

Figure 3.8. sptPALM Imaging. In PALM imaging, fluorophores are continuously activated, 
imaging, and photobleached (A) so that only a subset of fluorophores (B) is activated at any 
given time. This allows for the ability to spatially and temporally resolve individual receptor 
molecules. Single particle tracking entails localizing and tracking an individual molecule in 
consecutive frames to map its trajectory (C). Diagram modified from Manley et al. 2008. 
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This unique strategy overcomes the diffraction barrier present in traditional forms of 

fluorescence microscopy, in which a resolution limit is imposed by the diffraction of light. In 

sptPALM, single molecules are identified and tracked such that trajectories of individual 

molecules can be reconstructed by connecting the positions of fluorophores in consecutive 

imaging frames. We wrote custom Python scripts that provided qualitative and quantitative 

information at the individual molecule and at the whole cell level. We then overlaid these maps 

of trajectories on to a binary mask of the adhesion marker vinculin in order to observe changes in 

receptor localization and dynamics at these sites. These analyses were an essential contribution 

to our findings, as given the novelty of sptPALM imaging, few publicly available methods for 

tracking individual particles existed. In fact, this is the first documented report of using 

sptPALM to track individual TGFβ receptor molecules. These findings shed new light on the 

organization and dynamics of TGFβ receptors, providing essential insight into this growth factor 

signaling pathway and its interplay with physical cues and mechanotransduction pathways. 

Discussion	

Overall, the use and optimization of these novel imaging techniques – TIRF and sptPALM – 

allowed for unprecedented insight into the spatiotemporal organization and dynamics of TGFβ 

receptors at sites of adhesion. We revealed novel structural information on TGFβ receptors that 

was previously concealed by conventional immunofluorescence and imaging approaches. These 

findings provide fundamental insight into the mechanisms by which growth factor signaling and 

mechanotransduction pathways interact, which has implications from cell and tissue 

development to disease progression.  
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Chapter 4 

Discrete spatial organization of TGFβ receptors couples 

receptor multimerization and signaling to cellular tension 
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Abstract 

Cell surface receptors are central to the cell’s ability to generate coordinated responses to the 

multitude of biochemical and physical cues in the microenvironment. However, the mechanisms 

by which receptors enable this concerted cellular response remain unclear. To investigate the 

effect of cellular tension on cell surface receptors, we combined novel high-resolution imaging 

and single particle tracking with established biochemical assays to examine TGFβ signaling. We 

find that TGFβ receptors are discretely organized to segregated spatial domains at the cell 

surface. Integrin-rich focal adhesions organize TβRII around TβRI, limiting the integration of 

TβRII while sequestering TβRI at these sites. Disruption of cellular tension leads to a collapse of 

this spatial organization and drives formation of heteromeric TβRI/TβRII complexes and Smad 

activation. This work details a novel mechanism by which cellular tension regulates TGFβ 

receptor organization, multimerization, and function, providing new insight into the mechanisms 

that integrate biochemical and physical cues. 
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Introduction 

The diversity and specificity of cellular responses rely on the precise integration of biochemical 

and physical cues from the microenvironment. Cells generate a coordinated response through 

interactions among signaling pathways – from ligands and receptors to intracellular effectors. 

Receptors are a particularly versatile locus of control since they undergo regulated microdomain 

clustering, internalization and homo/hetero-meric multimerization. Because these mechanisms 

affect ligand binding, enzymatic activity and effector recruitment, receptors play a crucial role in 

defining signal intensity, duration, location, and quality (1-4). However, many questions remain 

about the mechanisms by which receptors participate in the concerted cellular response to a 

multitude of concurrent cues. 

The TGFβ signaling pathway exemplifies the importance of regulated receptor multimerization. 

TGFβ signals through a heterotetrameric complex of transmembrane receptor kinases. Once the 

TGFβ ligand is activated from its latent form, it binds directly to a dimer of type II receptors 

(TβRII) (5-8). The ligand-bound TβRII complex recruits and phosphorylates two type I receptors 

(TβRI) – either Alk5 or Alk1 (9). TβRI, in turn, phosphorylates and activates canonical Smad 

proteins and multiple non-canonical effectors, such as RhoA, TAK1 and Akt (10, 11). 

Specifically, recruitment of Alk5 to the TβRII complex stimulates phosphorylation of Smad2/3, 

whereas Alk1 recruitment drives activation of Smad1/5/8 (12). The inappropriate shift of TβRII 

multimerization partner from Alk5 to Alk1 underlies disease processes ranging from vascular 

disorders to osteoarthritis (13, 14). Not only do TGFβ receptors associate with one another, but 

also with a number of other receptor families, notably integrins (15, 16). Garamszegi et al. 

revealed a physical interaction between integrin α2β1 and TGFβ receptors involved in collagen-

induced Smad phosphorylation (16). TGFβ receptor interactions alter ligand specificity and 
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effector selection, offering a regulatory mechanism to calibrate TGFβ signaling based on the 

cellular microenvironment.  

Integrins, another class of multimeric receptors, are central to cellular mechanotransduction. 

Upon integrin binding to the extracellular matrix, the formation of focal adhesions stimulates 

actomyosin contractility to generate cellular tension (17-19). Through this Rho/ROCK-

dependent mechanism, cells establish tensional homeostasis with the physical features of the 

extracellular environment (17). Cellular tension can amplify, alter, or suppress cellular responses 

to growth factor signaling (20-22). The functional state of many intracellular effectors, including 

β-catenin, YAP/TAZ, and MAPK, is modulated by cellular tension (23-25). In the case of TGFβ 

signaling, we and others have identified several mechanosensitive responses (20, 22, 26). The 

activation of latent TGFβ ligand, as well as the phosphorylation, nuclear translocation and 

transactivation of Smads is regulated by cellular tension in a Rho/ROCK-dependent manner (20, 

27). However, the mechanisms by which changes in cellular tension modulate effector activity 

remain unclear.  

The effect of cellular tension on the multimerization of receptors other than integrins is largely 

unexplored. In spite of the established tension-sensitive regulation of downstream signaling 

effectors, the effect of physical cues on growth factor receptor interactions is unknown. This gap 

in understanding is partly due to the fact that until recently, studies of cell surface receptor 

colocalization and physical interactions have mostly utilized biochemical, biophysical, or 

fluorescence imaging approaches. While invaluable, these approaches are limited by their 

inability to discriminate spatially discrete molecular interactions that occur in specific cellular 

domains. Novel super-resolution imaging approaches provide the capability to visualize receptor 

responses to biochemical and physical cues at the single molecule level with spatial and temporal 
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specificity (28-32). To elucidate mechanisms by which physical cues regulate growth factor 

signaling, we utilize high-resolution imaging, single particle tracking, mass spectrometry and 

biochemical assays to test the hypothesis that cellular tension regulates TGFβ receptor 

multimerization. We find that cellular tension controls the spatial organization, multimerization 

and activity of a discrete population of TGFβ receptors at integrin-rich focal adhesions, 

suggesting a novel mechanism by which physical cues calibrate the activity of the TGFβ 

signaling pathway.  



 
!

64 

Results 

Discrete localization of TβRI and TβRII to segregated spatial domains  

To investigate the spatiotemporal control of TGFβ receptors, we evaluated the localization of 

endogenous and fluorescently tagged TβRII and TβRI in ATDC5 chondroprogenitor cells and 

NIH3T3 fibroblasts. Immunofluorescence of TβRII in both wildtype and transfected ATDC5 

cells yielded similar results, revealing specific punctate staining that did not provide structural 

information (Fig. 4.1A, Fig. 4.1 – figure supplement 1). Proceeding with fluorescently tagged 

TβRII allowed for visualization of fine structural features in static and dynamic conditions. 

Spinning disc confocal microscopy of TβRII-mEmerald allowed visualization of its spatial 

organization, revealing shadowed regions where TβRII expression is completely absent 

(indicated by arrows, Fig. 4.1B-D). Total internal reflection fluorescence (TIRF) microscopy 

improves visualization of transmembrane proteins by examining a thin section of the sample at 

the adherent cell surface. Switching from widefield microscopy (Fig. 4.1E) to TIRF on the same 

cell vividly revealed segregated domains of TβRII (Fig. 4.1F) and TβRI (Fig. 4.1G,H). The 

sequestration of TβRII from TβRI was present with either the canonical (Alk5) or non-canonical 

(Alk1) type I TGFβ receptors (Fig. 4.1G,H). Indeed, when co-expressed in the same cell, TβRII 

is enriched at the boundary of discrete TβRI domains, demonstrating a novel spatial segregation 

of these signaling partners (Fig. 4.1I-L). 
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Figure 4.1. Spatial segregation of TβRII from TβRI. Spinning disc confocal imaging of 
endogenous TβRII (A, Fig. 1 – figure supplement 1) demonstrates punctate staining. Imaging 
of mEmerald-labeled TβRII (B) reveals TβRII-absent domains in ATDC5 (B,C) and NIH3T3 
(D) cells expressing mEmerald-TβRII. Switching from widefield (E) to TIRF mode imaging 
(F) on the same cell unveils a specific spatial organization of TβRII, which is discrete from 
that of TβRI (Alk5 and Alk1) (G,H). ATDC5 cells co-expressing mEmerald-TβRII and 
mCherry-TβRI (Alk1) reveal that TβRII surrounds specific domains of TβRI (I-L). 
Quantitative profile plot of expression intensity demonstrates separate and distinct 
localization patterns of TβRI and TβRII (L).  
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Single molecule trajectories reveal specific regulation of TGFβ receptor dynamics 

Since dynamic recruitment of TβRI to TGFβ-bound TβRII complexes stimulates downstream 

effectors, we sought to determine if spatial segregation of TGFβ receptors affects receptor 

mobility. Single-particle tracking photoactivated localization microscopy (sptPALM) resolves 

the dynamics of individual molecules in live single cells. Using sptPALM, we captured 

Figure 4.1 – figure supplement 1. Endogenous staining of TβRII insufficient for spatial 
organization visualization. Wildtype ATDC5 cells (A-C) and ATDC5 cells expressing 
TβRII-mCherry were stained with two different anti-TβRII (A,D and B,E) antibodies and an 
IgG control (C,F). Staining of TβRII between wildtype and transfected cells differs only in 
intensity and not structurally, indicating that the observed spatial organization is not due to 
expression constructs alone. Although TβRII antibodies showed specificity relative to IgG 
staining, this bright punctate staining is insufficient for visualizing fine structural 
organization. 
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thousands of trajectories of individual TβRI (Alk5) and TβRII proteins labeled with 

photoswitchable mEos2 (Fig. 4.2A,B) (33). The large number of long duration molecular 

trajectories (Fig. 4.2C) allowed us to visualize single molecule track behavior and describe 

molecular environments within individual cells. For both TβRI and TβRII, individual receptors 

showed a range of mobility, resulting in groups of immobile, confined, or freely diffusive 

receptors (representative tracks, Fig. 4.2D). Mobility of each group of TβRI did not differ 

significantly from TβRII (Fig. 4.2E), but the diffusion coefficient of TβRI was slightly higher 

(Fig. 4.2F), perhaps because of its lower molecular weight (TβRI/Alk5 56 kDa vs. TβRII 65 

kDa). Relative to whole cell TGFβ receptor dynamics, TβRI and TβRII are significantly less 

mobile in cellular domains enriched with clusters of spatially organized receptors (Fig. 4.2F). 

Thus, this spatially organized population of TGFβ receptors is slower and more confined, 

possibly due to interactions with other proteins. 
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Focal adhesions organize TβRII around a segregated pool of TβRI  

The distinct localization of TGFβ receptors could result from physical interactions with any 

number of known TGFβ receptor-associated proteins. Among these, integrins bind to TβRI and 

TβRII and functionally interact with the TGFβ pathway at multiple levels (9, 15). The primary 

Figure 4.2. Limited TβRI (Alk5) and TβRII mobility in areas of receptor spatial 
organization. All mEos2-tagged TβRI and TβRII sptPALM single molecule trajectories with 
durations of at least 5 frames (500 ms) are plotted for representative ATDC5 cells, in which 
each color represents a different track (A,B). Cellular domains outside the imaging plane 
appear black. The histogram represents the distribution within a single cell of trajectory 
durations for individual TβRI and TβRII molecules (C). Representative individual TβRI 
sptPALM single molecule trajectories exhibiting immobile (red), confined (green), and freely 
diffusive (blue) movement are plotted in (D), with calculated mean squared displacement 
(MSD) plots for each population of TβRI and TβRII shown in E (mean ± SEM). Comparison of 
diffusion coefficients for TβRI and TβRII (F, mean ± SEM) in whole cells relative to areas of 
segregated TβRI/TβRII identify a less mobile population of TGFβ receptors in these regions of 
interest (ROI). 



 
!

69 

integrins in chondrocytes are integrins α2 and αV, which bind collagen and 

vitronectin/fibronectin (34). Both integrins interact with the TGFβ pathway (15, 16). TIRF 

imaging of mCherry-labelled integrin α2 revealed the presence of focal adhesions at these TβR-

rich sites. Specifically, TβRII is absent from sites of adhesions and forms a peripheral ring 

surrounding integrin α2, resulting in distinct patterns of spatial localization (Fig. 4.3A). 

Interestingly, this spatial organization is absent in cells grown on poly-l-lysine-coated substrates 

that facilitate integrin-independent cell adhesion (Fig. 4.3 – figure supplement 1). Therefore, 

TβRII organization at sites of adhesion is dependent upon integrin activity. Profile plots of 

intensity and a custom analysis (Fig. 4.3Ai,Bi,Ci) were utilized to quantify colocalization 

between TβRs and integrin α2 across multiple cells. The slope of the regression line can be used 

as a metric, in which the higher values indicate increased colocalization of two proteins. TβRI 

(Alk5 and Alk1) is precisely colocalized with integrin α2 within focal adhesions, such that 

adhesions appear yellow (Fig. 4.3B,C) and regression line slopes (Fig. 4.3Bi,Ci) are higher 

relative to TβRII (Fig. 4.3A,Ai). This analysis reveals that integrin α2 colocalizes significantly 

more with Alk5 and Alk1 than with TβRII (Fig. 4.3D). The specific localization of TβRII near 

focal adhesions is apparent in cells of both mesenchymal (ATDC5, Fig. 4.3A-C, E; Saos-2, Fig. 

4.3F) and epithelial (MCF10A, Fig. 4.3G) origin and is observed whether integrin α2 or integrin 

αV is tagged with a fluorescent protein (Fig. 4.3E,G). Furthermore, this observation still holds if 

the fluorescent labels for TβRII and integrin α2 are switched, as well as if TβRII is expressed and 

imaged alone (Fig. 4.3E,H). The overall spatial organization of TGFβ receptors at sites of 

adhesion is not affected upon stimulation with exogenous TGFβ (Fig. 4.3I), suggesting that this 

spatiotemporal organization is regulated through mechanisms independent from TGFβ ligand 

addition. Given the critical role of integrins in mechanotransduction and the known sensitivity of 
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TGFβ signaling to cellular tension (20), the unique pattern of TGFβ receptor and integrin 

localization could prime TGFβ receptors for regulation by elements of the mechanotransduction 

pathway. 
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Figure 4.3. Focal adhesions sequester TβRI from TβRII. TIRF mode imaging and a custom 
colocalization analysis were used to evaluate localization of TβRII (A), Alk5 (B), or Alk1 (C) 
with integrin α2 in ATDC5 cells. TβRII surrounds integrin α2 (A), whereas both subtypes of 
TβRI, Alk5 (B) and Alk1 (C), are included within integrin-rich focal adhesions, as reflected by 
profile plots and the slope values of the regression lines (Ai,Bi,Ci). Quantification of 
colocalization reveals that Alk5 and Alk1 are significantly more colocalized with integrin α2 
relative to TβRII (**, p < 0.001, mean ± SD, D). This organization is also present in ATDC5 
cells when the fluorescent labels for TβRII and integrin α2 have been switched (E), in 
osteosarcoma Saos-2 cells (F), or in epithelial MCF10A cells (G), when labeling focal 
adhesions with integrin αV (G), and when TβRII is expressed and imaged alone (H). TβRII 
spatial organization is unaffected by addition of TGFβ, indicated by red outlines in the same 
cellular region following 15 minutes of TGFβ treatment (I).  
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Focal adhesions immobilize TβRI and limit the integration of TβRII 

To investigate the effect of focal adhesions on TβRI (Alk5) and TβRII dynamics, we used 

sptPALM to visualize TGFβ receptor trajectories near or within these vinculin-rich domains 

(Fig. 4.4A,B). SptPALM shows, both qualitatively and quantitatively, that TβRI is preferentially 

enriched and TβRII is preferentially excluded at sites of adhesion (Fig. 4.4A-C). Analysis of 

individual TβRII trajectories showed that TβRII ‘bounces’ around the edges of individual focal 

adhesions (Fig. 4.4E) but is rarely incorporated within the focal adhesion, as was common for 

TβRI (Fig. 4.4D, i-ii). To determine if focal adhesions shifted the fractions of freely diffusive, 

Figure 4.3 – figure supplement 1. Focal adhesion formation and TβRII spatial 
organization are dependent on integrin activity. TβRII spatial organization (A,B,E,F) and 
focal adhesion formation (C,D,G,H) are absent on poly-l-lysine (B,D,F,H) coated glass 
substrates relative to collagen II (A,C,E,G). Spinning disc confocal microscopy at 40x (A-D) 
and TIRF microscopy at 100x (E-H) of ATDC5 cells expressing TβRII-mEmerald and 
integrin α2-mCherry demonstrate a loss of TβRII depleted regions (A,B), TβRII peripheral 
ring formations (E,F), and integrin α2 developed adhesions (C,D,G,H) on poly-l-lysine 
relative to collagen II-coated substrates.  
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confined, or immobile receptors, TβRI and TβRII trajectories near sites of adhesion were 

mapped based on receptor mobility. Trajectory maps reveal that TβRII mobility is confined near 

focal adhesions, which sequester and immobilize TβRI (Fig. 4.4F,G). Indeed, a higher fraction of 

immobilized TβRI is present inside adhesions relative to outside (Fig. 4.4H). Accordingly, the 

diffusion coefficient for TβRI decreases for tracks inside adhesions compared to those outside, 

demonstrating that this spatial organization specifically limits TβRI mobility (Fig. 4.4I). The 

differential localization and dynamics of TβRI and TβRII in adhesion-rich domains, relative to 

one another and to the whole cell TGFβ receptor population, indicates that this spatial control has 

functional implications for TGFβ signaling and for mechanotransduction. 
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TGFβ receptors form complexes with integrin αV and the actin-binding protein cofilin 

To determine whether these changes in receptor mobility at sites of adhesion are due to direct or 

indirect physical interactions with other proteins, we performed mass spectrometry and co-

immunoprecipitation experiments. Mass spectrometric analysis of proteins that precipitate with 

Flag-tagged TβRI (Alk5) and TβRII revealed hundreds of proteins, several of which were 

specifically enriched compared with precipitates of untransfected (mock) cells. The analysis 

identified proteins already known to interact with TβRs, such as PRMT5 and PRMT1 (35). TβRs 

Figure 4.4. Dynamic interaction of TβRs with integrins facilitate spatial organization. 
Representative trajectories for TβRI (Alk5) overlaid with the tagged focal adhesion marker 
vinculin are consistent with TIRF results showing a colocalization and interaction between 
integrin-based adhesions and TβRI (A) but not TβRII (B). Quantification of these regions 
shows that TβRI is preferentially enriched inside adhesions relative to outside, and that TβRII 
is preferentially excluded at these same sites (*, p < 0.01, mean ± SD, C). Representative 
single molecule trajectories show sequestration of TβRI in focal adhesions (D, i-ii) and free 
diffusion outside adhesions (D, iii-iv), whereas TβRII bounces around the edges of focal 
adhesions in a freely diffusive (E, i-ii) or confined (E, iii-iv) manner. Analyzing TβR 
trajectories at focal adhesions based on diffusion (Red: Immobile, Green: Confined, Blue: 
Freely Diffusive) shows a higher density of tracks inside adhesions for TβRI (F) compared to 
TβRII (G), and demonstrates a higher fraction of immobile TβRI tracks inside relative to 
outside adhesions (H). The diffusion coefficient of TβRI trajectories decreases inside 
adhesions (mean ± SD, I).  
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also precipitated several adhesion-related proteins, including integrin αV and endogenous cofilin, 

as shown in the annotated spectra (Fig. 4.5A,B). The peptide counts (graph insets) indicate that 

integrin αV associates with both TβRI and TβRII, and that cofilin preferentially associates with 

TβRII (Fig. 4.5A,B). Cofilin is an actin-binding protein that severs ADP-actin filaments at the 

leading edge of migratory cells (36). Previous reports implicate cofilin as a target of TGFβ-

activated RhoA, which promotes actin reorganization through ROCK, LIMK and cofilin (37, 

38). However, this is the first report, to our knowledge, of a complex between TGFβ receptors 

and cofilin. To confirm these mass spectrometry findings, we performed co-immunoprecipitation 

on cells expressing Flag-tagged TβRI/II and tagged integrin αV or cofilin (Fig. 4.5C,D). 

Consistent with the mass spectrometry peptide counts, integrin αV forms a complex with both 

TβRI and TβRII, whereas cofilin primarily interacts with TβRII. Although the novel finding of a 

complex formation, either through direct or indirect interactions, between TβRII and cofilin 

remains to be further explored, it suggests a potential mechanism underlying the discrete spatial 

organization of TβRII at focal adhesions. 
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Cellular tension regulates TGFβ receptor organization at focal adhesions 

Integrins transmit changes in the physical microenvironment across the plasma membrane to 

modulate cellular tension and signaling. The presence of a focal adhesion-associated TGFβ-

receptor population suggests a novel mechanism by which cellular tension may regulate TGFβ 

Figure 4.5. TβRs form complexes with integrin αV and cofilin. High-energy collision 
dissociation–tandem mass spectra obtained from precursor ions with mass 549.7775+2 (A) and 
669.3185+2 (B) found in tryptic digests of immunoaffinity pulldowns of TβRI/II, 
corresponding to peptides spanning residues Y153-K165 of human integrin αV (A) and Y82-
K92 of human cofilin (B). b- and y- type ion series are labeled in the figure. Insets show the 
sequences of the peptides as well as representative peptide counts for integrin αV (A) and 
cofilin (B) for mock (M), TβRI (RI, Alk5), and TβRII (RII) pulldowns. Co-
immunoprecipitation of Flag-tagged TβRI and TβRII demonstrate the presence of integrin αV 
and cofilin in these complexes (C, D). 
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signaling. To test the hypothesis that TGFβ receptor organization at focal adhesions is sensitive 

to cellular tension, we treated ATDC5 cells with the ROCK inhibitor Y27632 or the myosin II 

inhibitor blebbistatin. Within 15 minutes of adding Y27632 (Fig. 4.6A,B) or blebbistatin (Fig. 

4.6C,D), the peripheral ring of TβRII completely collapses. The segregation of TβRII from TβRI 

and integrin α2 at sites of adhesion is dynamically released, such that TβRII converges and 

colocalizes with integrin α2. Quantitative analysis demonstrates that TβRII is significantly more 

colocalized with integrin α2 after addition of Y27632 and blebbistatin (Fig. 4.6E).  

To assess the effect of cellular tension on physical associations among TβRI, TβRII and 

integrins, we performed co-immunoprecipitation experiments. We find that cellular tension not 

only regulates the spatial organization of integrins and TGFβ receptors, but also affects their 

physical associations with each other; though these interactions may be direct or indirect. 

Specifically, while disruption of tension with the ROCK inhibitor enhanced integrin αV 

association with TβRI, it almost completely blocked the association between integrin αV and 

TβRII (Fig. 4.6F).  
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Figure 4.6. Tension-sensitive regulation of TβR 
spatial organization. Within 15 minutes of disrupting 
cellular tension by adding the ROCK inhibitor Y27632 
(A,B) or the myosin II inhibitor blebbistatin (C,D), the 
peripheral ring of TβRII-mEmerald around focal 
adhesions (A,C) completely collapses (B,D). 
Colocalization quantification (Ai,Bi,Ci) demonstrates 
that TβRII is significantly more colocalized with 
integrin α2 post-treatment (Y27632, blebbistatin) 
relative to pre-treatment (**, p < 0.001, mean ± SD, E). 
Disruption of tension with Y27632 enhances integrin 
αV association with TβRI but reduces its association 
with TβRII (F). 
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Tension-sensitive regulation of TGFβ receptor heteromerization and signaling 

Since a reduction in cellular tension drives colocalization of TβRI and TβRII, we sought to 

determine if this change in spatial organization had functional consequences for TGFβ signaling. 

We first evaluated the effect of reduced cellular tension on TβRI/TβRII heteromerization using 

co-immunoprecipitation. Release of this discrete spatial segregation of TGFβ receptors at focal 

adhesions allows the receptor subunits to interact such that ROCK-inhibition stimulates 

formation of heteromeric TβRI/TβRII complexes (Fig. 4.7A). To examine the effect of 

manipulating cellular tension under physiological conditions, we cultured cells on substrates of 

varying stiffness. A reduction in cellular tension through culture on compliant substrates 

significantly drives TβRI/TβRII complex formation (Fig. 4.7B). Therefore, a reduction in 

cellular tension, due to pharmacologic ROCK inhibition or changes to the stiffness of the 

microenvironment, drives formation of a multimeric TβRI/TβRII complex that is required for the 

activation of downstream TGFβ effectors.  

To determine the effect of tension-sensitive TβR localization and heteromerization on 

downstream TGFβ effectors, we evaluated the phosphorylation of Smad3. Culturing cells on 

compliant substrates leads to significantly increased endogenous Smad3 phosphorylation (Fig. 

4.7C).  Interestingly, the effect of TGFβ on Smad3 phosphorylation is substrate-dependent, such 

that TGFβ induces Smad3 phosphorylation on 0.5 kPa substrates but not on 16 kPa substrates 

(Fig. 4.7C). This is consistent with the established non-linear response of TGFβ signaling and 

other cellular behaviors to cellular tension (20, 39). Thus the spatial organization of TβRI and 

TβRII by integrins at focal adhesions affords tension-sensitive control of TβRI and TβRII 
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multimerization and activation of Smad3, providing a mechanosensitive mechanism by which 

cells calibrate their response to TGFβ. 

 

 

   

Figure 4.7. Disruption of tension-sensitive TβR segregation increases TβRI/TβRII 
multimerization and phosphorylation of Smad3. ROCK inhibition releases the discrete 
spatial organization of TβRs at focal adhesions and drives the formation of heteromeric 
TβRI/TβRII complexes within 15 minutes of Y27632 exposure (A), as shown by Flag co-
immunoprecipitation (IP) and immunoblotting (IB). Likewise, manipulation of cellular 
tension through culturing cells on collagen II-coated glass or 0.5 kPa polyacrylamide 
substrates increases co-immunoprecipitation of TβRI with Flag-tagged TβRII (B). In cells 
grown on collagen II-coated compliant (0.5 kPa) or stiff (16 kPa) polyacrylamide 
substrates, endogenous Smad3 phosphorylation is increased (C). The effect of TGFβ on 
Smad3 phosphorylation is substrate-dependent, such that maximal TGFβ-inducibility is 
observed on 0.5 kPa substrates, consistent with a tension-sensitive calibration of TβR 
localization and activity (C). !

!
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Discussion 

Here we show that cellular tension regulates TGFβ receptor spatial organization and interactions 

at focal adhesions, providing a novel mechanism for the cellular integration of signaling by 

physical and biochemical cues. We observe a novel spatiotemporal regulation of the TGFβ 

pathway such that TβRII is segregated from TβRI and integrins at sites of adhesions. Single 

particle tracking reveals the dynamics of individual TGFβ receptor molecules, and identifies 

populations of TGFβ receptors with distinct behaviors and mobility near and far from sites of 

focal adhesions. The confined population of TGFβ receptors at focal adhesions has lower 

mobility than the freely diffusive receptor population far from sites of adhesion. TGFβ receptors 

associate with several adhesion-related proteins, including the actin-binding protein cofilin, 

which preferentially associates with TβRII relative to TβRI. This novel spatial organization of 

TβRI and TβRII at sites of adhesion provides mechanosensitive control of TGFβ receptor 

multimerization and function independently of TGFβ ligand stimulation. Overall, this reveals the 

potential of two differentially regulated populations of TGFβ receptors – one that is TGFβ-

sensitive and one that is tension-sensitive – a finding that may contribute to the context-

dependent signaling outcomes of this pathway.  

This tension-dependent mechanism for the regulation of TGFβ receptors has a number of 

interesting functional implications. At the level of the TGFβ ligand, integrins activate TGFβ 

from its latent form through cellular tension generated by actomyosin contraction (7, 8, 40, 41). 

The observed recruitment of TGFβ receptors to focal adhesions would enrich their access to this 

reservoir of integrin-activated TGFβ. At the receptor level, focal adhesions may sequester TβRI 

from TβRII to limit their activity in the presence of ligand. The extent to which this sequestration 

is cofilin-dependent requires further investigation. This sequestration of TβRI may contribute to 
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its slow internalization, relative to TβRII, following TGFβ stimulation (42, 43). Alternatively, 

focal adhesions may create structured TβRI and TβRII boundaries that prime a robust response 

when cells encounter the correct combination of physical and biochemical cues. We demonstrate 

tension-sensitive regulation of endogenous downstream Smad3 phosphorylation by cellular 

tension and TGFβ. In addition, chondrocytes grown in TGFβ on 0.5 MPa substrates induce 

differentiation markers far beyond levels induced by either cue alone (20). We and others have 

reported that the effect of substrate stiffness or cellular tension/Rho/ROCK activity on 

downstream TGFβ signaling is synergistic and nonlinear (20, 22, 26). Therefore, it is possible 

that lower cell tension in one cell type may have a differential effect on Smad phosphorylation, 

nuclear localization, and transactivation than in another cell type. It would be interesting to 

examine this effect utilizing a substrate system that provides independent and continuous 

gradients of ligand density and substrate stiffness (39). The mechanisms responsible for such 

synergy have been unclear, but this newly described regulation of TGFβ receptor 

multimerization and downstream signaling may couple the mechanosensitive activity of the 

TGFβ pathway to physical cues. Fully understanding the functional implications of this spatially-

distinct TGFβ receptor population will require the development of new imaging tools, such as 

those that can dynamically visualize TGFβ effector activity locally at focal adhesions.  

The current study of TGFβ receptors opens the possibility that tension-sensitive receptor 

multimerization may underlie mechanosensitive signaling by other pathways. Cellular tension 

impacts the activation, translocation, and function of intracellular effectors including small GTP-

ases, kinases and transcriptional regulators such as Smads and YAP/TAZ (20, 22, 24, 26). 

However, known mechanisms are insufficient to explain the ability of physical cues to modulate 

cell-type specific responses to BMP, EGF and other growth factors (22, 44). Several receptor 
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families share features with TGFβ receptors that may contribute to their mechanosensitivity, 

such as their association with integrin-rich focal adhesions and their potential for the formation 

of stable receptor clusters by geometric constraints (1, 4, 45). Previous studies have established 

important physical and functional links between focal adhesion components and growth factor 

receptors. EGF receptor binds actin and colocalizes with integrin α2β1 (46), while the receptor 

CD44 interacts with several components of the focal adhesion complex, such that hyaluronan-

bound CD44 activates c-Src and Rac1 (47). Aside from TGFβ, shown herein, the extent to which 

these physical associations contribute to mechanosensitive control of receptor multimerization or 

downstream signaling remains to be determined. Nonetheless, others have postulated receptor 

multimerization as a mechanism for mechanocoupling of TGFβ, ephrin and T cell receptor 

signaling (45, 48). In each case, the solid state presentation of the ligand is thought to play a 

critical role in structuring multimeric receptor clusters. In T cell receptor and ephrin signaling, 

the solid state is provided by ligands on the neighboring cell, which create geometric constraints 

that mechanically trap receptors to induce clustering (1, 4, 45). For growth factors like TGFβ, 

BMP and EGF, the ECM serves as the solid state (48). ECM proteins such as collagen II bind 

both TGFβ and integrin α2β1 (49), imposing geometric constraints that may structure receptor 

clusters. Therefore, growth factor receptor multimerization at focal adhesions, controlled by 

receptor interactions with integrins and with solid state growth factors, provide focal adhesions 

with the capability to integrate signaling between physical and biochemical cues.  

Understanding the mechanosensitive regulation of TGFβ signaling has significant biological 

implications. We find that focal adhesions segregate TβRI from TβRII in both epithelial and 

mesenchymal cell lineages, opening the possibility that this is a general cellular mechanism for 

the control of TGFβ signaling. It will be interesting to determine if TGFβ receptor 
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multimerization at focal adhesions responds to physical cues that aberrantly promote TGFβ-

induced epithelial-mesenchymal transition (EMT) in cancer or the loss of chondrocyte 

homeostasis in osteoarthritis. On stiff substrates, TGFβ preferentially activates PI3K to induce 

EMT instead of apoptosis (26). In osteoarthritis, the material properties of the cartilage ECM 

deteriorate as chondrocytes inappropriately shift the balance from canonical (Alk5/Smad2/3) to 

non-canonical (Alk1/Smad1/5/8) TβRI signaling (13). In each case, the extent to which changing 

the physical environment alters TGFβ effector selection through differential TGFβ receptor 

multimerization remains to be determined. Applied physical cues, such as compression or shear 

flow, also regulate TGFβ signaling in cartilage, vasculature and other tissues (50-52). Whether 

similar mechanisms operate in response to exogenous physical cues remains to be elucidated.  

In conclusion, we utilized novel high-resolution imaging and single particle tracking microscopy 

coupled with biochemical assays to explore the spatial organization of TGFβ signaling at the 

receptor level. At focal adhesions, TβRII is uniquely segregated from its TβRI counterpart. 

Cellular tension modulates the spatial organization, multimerization and downstream signaling 

of TGFβ receptors at sites of adhesion, suggesting the existence of a functionally distinct 

subpopulation of TGFβ receptors. Overall, this finding provides a new mechanism by which 

cellular tension and physical cues exert control of growth factor signaling at the cellular 

membrane.  
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Chapter 5 

ECM stiffness regulates the TGFβ pathway to induce  

chondrocyte lineage selection of hMSCs 

Introduction 

The extracellular microenvironment is rich in physical and biochemical cues that are powerful 

regulators of cell behavior. Physical cues such as ECM stiffness, cell shape, and cytoskeletal 

tension direct cell lineage selection and function. The importance of ECM stiffness in cell 

lineage selection is apparent in mesenchymal stem cells. Engler et al. found that MSCs cultured 

on 2D substrates with otherwise identical media conditions express specific lineage markers on 

substrates of varying stiffness. Specifically, MSCs select a neural lineage on a compliant 

substrate, but select myogenic and osteogenic fates when cultured on increasingly stiff substrates 

(1). ECM stiffness is also often disrupted in disease and can exacerbate disease progression, as in 

cancer. Paszek et al. demonstrated the effect on ECM stiffness on mammary epithelial cell 

(MEC) colonies in 3D gels. Increasing matrix stiffness progressively increased EGF-dependent 

ERK activation and colony size, disrupted localization of integrin β4, and led to progressive 

filling of the lumen (2). Physical cues can also dramatically alter the cellular response to 

biochemical cues, such as growth factor TGFβ (3, 4). The growth factor TGFβ is an important 

biochemical cue that induces chondrocyte lineage selection and cartilage matrix synthesis while 

inhibiting terminal chondrocyte differentiation and hypertrophy. Previous work by Allen et al. 

demonstrated that chondrocyte differentiation of mature chondrocytes is highly sensitive to 

substrate stiffness (Figure 5.1). Chondrocytes express higher levels of chondrogenic genes and 

deposit more proteoglycan content on 2D substrates of a specific stiffness (5).  
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Furthermore, ECM stiffness primes these cells for a synergistic response to the addition of 

TGFβ, such that the combination of these cues leads to a more robust response for chondrogenic 

gene expression than either cue alone (5). Therefore, in response to substrate stiffness, 

chondrocytes modulate TGFβ pathway activity at the ligand, effector, and receptor level. 

However, the mechanisms by which cells integrate physical and biochemical cues remain 

unclear. Cartilage provides an ideal system for investigating these mechanisms, as physical and 

biochemical cues intersect from development to disease, such as in osteoarthritis. Understanding 

how cells integrate cues from the cellular microenvironment may elucidate fundamental 

mechanisms involved in cell behavior and disease. We hypothesize that, as for chondrocytes (5), 

Figure 5.1. ECM stiffness primes ATDC5s for a synergistic response to TGFβ. 
Chondrogenic gene expression (A) and proteoglycan content deposition (B) is sensitive to 
substrate stiffness in mature chondrocytes. The combination of ECM stiffness and TGFβ leads 
to a synergistic induction of gene expression (C). Figure adapted from Allen et al. 2012.  
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substrate stiffness primes hMSCs for a synergistic response to the chondroinductive growth 

factor TGFβ. This interaction, between ECM stiffness and the TGFβ pathway, could occur at 

multiple levels as shown in Figure 5.2 – through the TGFβ ligand, TGFβ receptors, or TGFβ 

downstream effectors.  

 

 

 

The goal of this study is to use an established 2D model system, in which polyacrylamide gels 

span the stiffness range of healthy articular cartilage, in order to probe levels of the TGFβ 

pathway and elucidate molecular mechanisms involved in the integrated cellular response to 

ECM stiffness and TGFβ.	

Figure 5.2. TGFβ pathway and mechanotransduction crosstalk. The interaction between 
the TGFβ pathway and mechanotransduction or stiffness-sensing pathway could occur 
through the ligand, receptor, effector, and/or nuclear levels.  
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Results 

hMSC chondroinduction, shape, and actin stress fiber formation are stiffness-sensitive 

Typically, hMSCs require 3D pellet culture and TGFβ to undergo chondrocyte differentiation. 

However, we found that even on a compliant 2D substrate, hMSCs initiate chondrogenesis, as 

indicated by a 6-fold induction of Sox9 on the 2D 0.5 MPa substrate, relative to plastic. 

Meanwhile, the expression of Collagen I, a marker for chondrocyte dedifferentiation, is 

decreased in the same conditions. The stiffness-sensitive effect on chondrocyte marker genes 

(Sox9) in hMSCs is lost upon treatment with a chemical ROCK inhibitor (Y27632), suggesting 

cytoskeletal involvement. hMSC shape and actin stress fiber formation are also sensitive to 

substrate stiffness, consistent with previous reports (1, 6). hMSCs exhibit a more rounded 

morphology and less prominent stress fibers on a 0.5 MPa substrate, relative to a 0.2 MPa 

substrate and especially relative to plastic.  
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ECM stiffness primes hMSCs for a specific and synergistic induction of Sox9 by TGFβ 

Physical cues can alter the cellular response to biochemical cues. Therefore, we went on to 

evaluate the effect of substrate stiffness on chondrocyte differentiation in the presence or absence 

of TGFβ. TGFβ further enhances Sox9 expression in hMSCs on the 0.5 MPa substrate, 

demonstrating that the chondroinductive synergy between ECM stiffness and TGFβ observed in 

mature chondrocytes also occurs in hMSCs. This effect is specific for chondrogenic genes such 

Figure 5.3. ECM stiffness and cellular tension modulate hMSC chondroinduction and 
stress fiber formation. hMSCs initiate chondrogenesis on a compliant substrate, upregulating 
Sox9 expression (A) and downregulating Collagen I expression (B). Inhibition of ROCK 
disrupts this stiffness-specific effect on chondrogenic gene expression (C). hMSC shape and 
stress fiber formation is also sensitive to substrate stiffness (D). 
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as Sox9, since PAI1, the classical TGFβ response gene, is not synergistically increased in 

hMSCs grown on 0.5 MPa substrates. 

 

 

 

ECM stiffness regulates the nuclear localization of Smad2/3 

In order to investigate the observed synergy between ECM stiffness and TGFβ, we examined the 

effect of substrate stiffness on Smad2/3 localization, as it is a key downstream effector in the 

TGFβ pathway in chondrocytes. Smad3 preferentially localizes to the nucleus in cells cultured on 

a 0.5 MPa substrate, relative to glass and a 0.2 MPa substrate, even in the absence of 

exogenously added TGFβ. The addition of exogenous TGFβ to these latter substrates leads to the 

nuclear localization of Smad3. To investigate what might be responsible for this stiffness-

specific increase in Smad3 nuclear localization, we examined the effect of substrate stiffness on 

Figure 5.4. Synergy between ECM stiffness and TGFβ is specific for chondrogenic genes. 
Addition of TGFβ enhances Sox9 expression in hMSCs cultured on a compliant substrate (A). 
This synergistic response is specific for chondrogenic genes as PAI1, the classical TGFβ 
response gene, is not synergistically increased in the same conditions (B). 
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TGFβ ligand expression. We found that TGFβ1 mRNA is induced 4.5 fold on the 0.5 MPa gel, 

relative to plastic. 

 

 

 

 

Smad2/3 and JNK nuclear localization in primary human articular chondrocytes is 

sensitive to substrate stiffness 

We also examined the localization of Smad2/3 and JNK in primary human articular 

chondrocytes (hACs) cultured on substrates of varying stiffness. Smad2/3 preferentially localizes 

to the nucleus in hACs cultured on 0.5 MPa substrates relative to softer 0.2 MPa substrates, 

Figure 5.5. Nuclear localization of Smad2/3 is sensitive to ECM stiffness in hMSCs. 
Smad2/3 preferentially localizes to the nucleus on a 0.5 MPa substrate (A), even in the 
absence of exogenous TGFβ, relative to a stiffer or softer (B) substrate. The addition of TGFβ 
leads to Smad2/3 nuclear localization on all substrates (A,B). TGFβ1 ligand expression is 
specifically upregulated on the 0.5 MPa substrate (C).  
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consistent with findings for hMSC and ATDC5 cells. Unlike hMSC and ATDC5 cells however, 

Smad2/3 also localizes to the nucleus in hACs cultured on glass substrates. This finding might 

suggest that hACs isolated from certain patients might have a decreased ability to sense and 

respond to physical cues in the environment.  

Wnt signaling is important in chondrocyte differentiation and polarity. JNK is a shared effector 

between TGFβ and Wnt signaling, and here we find that the nuclear localization of JNK is 

sensitive to substrate stiffness. JNK preferentially localizes to the nucleus on a 0.5 MPa 

substrate, similar to the behavior of Smad2/3, relative to the localization in hACS cultured on 

glass or softer 0.2 MPa substrates. Furthermore, while TGFβ and Wnt5a can both lead to JNK 

phosphorylation, treatment with both ligands is required to maintain phosphorylation two hours 

later. It remains to be elucidated the extent to which JNK participates in the cellular response to 

cell tension and TGFβ, and how these roles potentially change from healthy to arthritic human 

articular chondrocytes. 



	 97 

 

  

 

 

YAP localization in human cartilage corresponds to stiffness-sensitive YAP localization in 

primary hACs 

YAP (Yes-associated protein) and TAZ (transcriptional coactivator with PDZ-binding motif) are 

nuclear relays of mechanical signals exerted by ECM stiffness and cell shape (7). This regulation 

is dependent on Rho activity and cell tension, and furthermore, YAP/TAZ are required for the 

differentiation of mesenchymal stem cells induced by ECM stiffness. Previous work has 

demonstrated that ECM stiffness and Smad3 have a shared ability to prime cells for chondrocyte 

Figure 5.6. Nuclear localization of Smad2/3 and JNK in hACs is sensitive to ECM 
stiffness. Smad2/3 and JNK preferentially localize to the nucleus on stiffer substrates (A,B), 
even in the absence of exogenous TGFβ. The addition of TGFβ leads to increased Smad2/3 
nuclear localization on all substrates (A). TGFβ and Wnt5a can both lead to JNK 
phosphorylation, and treatment with both ligands is required to maintain phosphorylation two 
hours later (C). 
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differentiation. This suggests a cooperative role in the control of transcription factors such as 

Sox9. One possibility for this role would be through YAP/TAZ, due to their cellular tension and 

TGFβ-sensitivity. Therefore, we examined the localization of YAP in human cartilage and hACs 

in response to varying substrate stiffness. Atomic force microscopy (AFM) maps are displayed 

alongside cartilage sections in Figure 5.7 to help visualize the variation in cartilage stiffness with 

increasing depth. Atomic force microscopy with a 15 µm diameter spherical tip was used to map 

the elastic modulus of ECM at five sites throughout the depth of an unfixed frozen OA human 

hip articular cartilage section. Modulus maps, in color scale, are superimposed on the phase 

contrast image of the analyzed tissue and AFM cantilever. Adjacent sections were stained for 

proteoglycan and for the mechanosensitive transcriptional coregulator YAP. Staining for 

proteoglycan content demonstrates matrix erosion in the superficial zones of osteoarthritic 

cartilage. In superficial cartilage with an average modulus of 0.2 MPa or in primary hACs 

cultured on 0.2 MPa polyacrylamide gel substrates, YAP localization is diffuse. In contrast, YAP 

is predominantly nuclear in deep chondrocytes or in primary hACs cultured on 0.5 MPa 

substrates. Although many factors vary with ECM stiffness and osteoarthritis, differences in the 

pattern of protein localization in equivalently stiff OA and healthy cartilage may indicate hAC-

intrinsic defects in the response to cell tension. 
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Figure 5.7. Nuclear localization of YAP is sensitive to ECM stiffness in human cartilage 
and in hACs. AFM maps (A) and Safranin O staining (B) demonstrate the variations in 
cartilage stiffness and proteoglycan content with increasing cartilage depth. Relative to 
localization in superficial cartilage (C) and human articular chondrocytes on 0.2 MPa 
substrates (F), YAP is nuclear in deep chondrocytes (D) and in cells grown on 0.5 MPa 
substrates (E). AFM measurements for cartilage stiffness by zone shown in G. 
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Discussion 

In summary, we found that hMSC shape, actin stress fiber formation, and chondrocyte 

differentiation are sensitive to substrate stiffness. 

 

 

 

 

 

On a compliant substrate of 0.5 MPa, Sox9 expression and TGFβ1 expression are upregulated, 

relative to substrates that are more compliant or stiff. Furthermore, we demonstrated that 

substrate stiffness primes hMSCs for a synergistic response to TGFβ, and that this synergy is 

specific to chondrogenic genes. The upregulation of TGFβ1 is accompanied by and may be 

Figure 5.8. Proposed model for hMSCs and primary chondrocytes in response to ECM 
stiffness. hMSC shape, stress fiber formation, and Sox9 expression (chondroinductino) are 
sensitive to changes in ECM stiffness. In response to ECM stiffness, Sox9 and TGFβ1 
expression are upregulated. ECM stiffness primes hMSCs for a specific and synergistic 
response to exogenous TGFβ. Smad3 and JNK nuclear localization is also sensitive to ECM 
stiffness in hMSCs and primary chondrocytes. 
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responsible for an increase in Smad3 nuclear localization on this discrete substrate. Smad3 

nuclear localization in hACs is also sensitive to substrate stiffness, exhibiting similar behavior to 

that of hMSCs. However, the nuclear localization of Smad3 in hACs cultured on glass substrates, 

not seen for hMSCs, suggests a possible impairment in the ability to properly sense physical 

cues. We also examined the localization of JNK, a common effector between TGFβ and Wnt 

signaling, and found that its nuclear localization in hACs is sensitive to substrate stiffness. 

Overall, understanding the mechanisms by which hMSCs integrate physical and biochemical 

cues might have implications for the understanding of cartilage development, disease 

progression, and regeneration. 
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Chapter 6 

Discussion and future directions 

The work detailed within this dissertation began as an exploration of stem cell differentiation and 

its sensitivity to substrate stiffness. This initial research was based upon previous findings that 

demonstrated that substrate stiffness primes the TGFβ pathway to elicit a synergistic response in 

chondrocytes. I set out to investigate whether this same synergy exists in human mesenchymal 

stem cells during chondrogenesis. We found that Sox9, a transcription factor and marker for 

chondrocyte lineage section, is upregulated on a discrete substrate. Furthermore, Collagen I, a 

marker for chondrocyte dedifferentiation, is downregulated in these same conditions. Unlike the 

work published by Allen et al. using chondrocytes, we were not able to see any induction of 

Collagen II. This indicates that although substrate stiffness alone is enough to initiate 

chondroinduction of hMSCs, it does not lead to chondrocyte differentiation. The addition of 

TGFβ to these substrates leads to a specific and synergistic induction of Sox9, such that PAI1, a 

classic TGFβ response gene, is not synergistically regulated. Interestingly, even with the addition 

of exogenous TGFβ, we did not see any increases in Collagen II expression. Future studies will 

explore conditions that promote chondrocyte differentiation by upregulating Sox9, Collagen II, 

and Aggrecan expression. These conditions might include a more expansive stiffness range, such 

as softer gels that mimic a stem cell environment and promote rounding and condensation, 3D 

substrates, or pellet culture of hMSCs.  

Although the role of physical and biochemical cues in differentiation is fascinating, what really 

captured my attention was this unanswered question of how cells were able to sense and 

response to the multitude of cues in their microenvironment and then elicit one coordinated 
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response. Integrins act as a bridge between the external physical environment and the internal 

actin cytoskeleton, relaying cues and changes outside the cell to internal signal transducers. 

Therefore, I wanted to examine the potential interactions between integrins and TGFβ	receptors,	

thus	 exploring	 the	 relationship	 between	 the	 receptors	 of	 the	mechanotransudction	 pathway	 and	

the	receptors	of	our	key	signaling	pathway	TGFβ. 

In order to investigate the relationship between integrins and TGFβ	 receptors, we coupled the 

use of biochemical approaches with novel imaging techniques. The development and 

optimization of these microscopy tools unveiled an unprecedented view of TGFβ receptors at the 

surface of the cell that no one has reported. Specifically, we revealed a unique spatial 

organization in which TGFβ receptor subunits (TβRII and TβRI) are intimately and differentially 

involved at sites of adhesion. TβRII is excluded from these sites of adhesion, whereas TβRI is 

fully incorporated at these same regions. Through quantification we were able to demonstrate 

that both subunits of TβRI (Alk5 and Alk1) are significantly colocalized with integrin α2 relative 

to TβRII. It will be interesting to elucidate the precise domains of each receptor that yield the 

discrete localization patterns. One possibility would be to develop chimeric receptors with 

swapped domains to determine whether certain combinations of receptor domains lead to 

incorporation or exclusion at sites of adhesion. Another interesting approach would be to develop 

serial truncations of TβRII in order to examine the effect of receptor size on exclusion from 

adhesions.  

Incorporating single-particle tracking PALM imaging provided further mechanistic insight into 

the dynamics of these receptors within these regions. Receptors experience decreased mobility 

near or within focal adhesions, indicating that these receptors are preferentially confined or 

trapped at these sites. Future experiments with sptPALM will examine the behavior and mobility 
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of single molecules that move from inside to outside or outside to inside of adhesions, revealing 

additional information on the confinement, interactions, and trafficking of TGFβ receptors at 

these sites. It would also be interesting to examine the mobility of these receptors relative to 

proteins involved in endocytosis pathways, such as studying colocalization with caveolae or 

clathrin, to determine if certain cues or stimuli regulate these processes. We also found that 

TGFβ receptors form a complex with integrin αV, suggesting that physical interactions might 

contribute to the observed decrease in mobility, especially for TβRI. Additional work is needed 

to identify whether these interactions are direct and which protein domains are involved. Mass 

spectrometry data provide insight into potential third party interacting proteins that could act as a 

bridge between the TGFβ and mechanotransduction pathways in this complex. Initial results 

implicate interesting proteins involved in this complex, such as cofilin and DYNLT1. Cofilin is 

an actin-binding protein that disassembles actin filaments, and its presence was confirmed via 

spectra analysis of TβR pulldowns. Interestingly, cofilin preferentially associates with TβRII 

relative to TβRI, as indicated through both mass spectrometry and co-immunoprecipitation 

experiments. This finding could shed light on the differential organization and dynamics between 

TβRI and TβRII. It will be interesting to examine the spatial organization of cofilin relative to 

these receptors, and to later knockdown cofilin expression and observe any effects on TβR 

interactions or spatial organization. For example, if cofilin links TβRII to integrins, then perhaps 

its knockdown will result in a decrease of integrin αV in TβRII pulldowns or in a change of 

TβRII organization at sites of adhesion. A full spectra analysis of DYNLT1 is currently 

underway, but this protein could be very intriguing as it acts as an accessory component of the 

cytoplasmic dynein 1 complex that is thought to be involved in the linkage between dynein and 

proteins that regulate dynein function. This complex plays a regulatory role in motility of 
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vesicles and organelles along microtubules. Although the precise proteins and mechanisms 

underlying this TβR-integrin complex remain to be elucidated, these novel findings provide 

essential insight into the proteins that link the TGFβ and mechanotransduction pathways. These 

links might underlie the ability of cellular tension to regulate the spatial organization and 

signaling of TGFβ receptors at focal adhesions. Disruption of cellular tension through ROCK or 

myosin leads to a rapid collapse of this highly ordered, discrete spatial organization. This 

releases the confined TGFβ receptors and allows for multimerization between TβRI and TβRII. 

Indeed, disruption of cell tension through ROCK inhibition and by culturing cells on compliant 

substrates drives TβRI/II heteromerization. Culturing cells on these compliant substrates also 

drives downstream signaling, upregulating levels of Smad3 phosphorylation. We find that the 

effect of exogenous TGFβ on Smad3 activity is dependent upon the substrate stiffness. This 

suggests that the cellular response to the combination of these cues is not linear, and that an 

optimum environment might exist for activating TGFβ signaling. This optimum likely acts as a 

gradient that shifts during a cell’s life cycle and is undoubtedly different between cell types. It 

will be interesting to examine any variations in the spatial organization and the optimum 

environment during differentiation, homeostasis, and disease. Additional work is also needed to 

determine the exact mechanisms by which this spatial organization regulates cellular functions 

related to TGFβ signaling, such as cell motility and differentiation. It will be interesting to 

elucidate the role of this spatial organization in processes like EMT or stem cell lineage selection 

where the physical and biochemical cues are highly integrated and extremely important for 

regulating cell behavior. Overall, we discovered a novel spatial organization of TGFβ receptors 

at sites of adhesions that is regulated by cellular tension and has important functional 

implications for downstream TGFβ signaling and cell behavior. 
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Appendix 
Table A.1: List of generated plasmids 

Protein Tag Use 
TGFβ receptor type II mCherry, C Fluorescence 

mCherry, N Fluorescence 
mEmerald, C Fluorescence 
mEmerald, N Fluorescence 
mEos2, N sptPALM 
mGeos, N sptPALM 
pSNAPF, N Quantum dots 
mNeonGreen, N FRET 
mTurquoise, N FRET 
PS-CFP2, N STORM 

TGFβ receptor type I, Alk1 mCherry, N Fluorescence 
mEmerald, N Fluorescence 
mEos2, N sptPALM 
mGeos, N sptPALM 
mNeonGreen, N FRET 
mTurquoise, N FRET 
PS-CFP2, N STORM 

TGFβ receptor type I, Alk5 mCherry, N Fluorescence 
mEmerald, N Fluorescence 
mEos2, N sptPALM 
mGeos, N sptPALM 
mNeonGreen, N FRET 
mTurquoise, N FRET 
PS-CFP2, N STORM 

Integrin α2 mCherry Fluorescence 
mEmerald Fluorescence 
mEos2 sptPALM 
mGeos sptPALM 
pSNAPF Quantum dots 
mNeonGreen FRET 
mTurquoise  FRET 
PS-CFP2 STORM 

Integrin αV mCherry Fluorescence 
mEmerald Fluorescence 

Integrin α1 mCherry Fluorescence 
mEmerald Fluorescence 

Integrin α5 mCherry Fluorescence 
mEmerald Fluorescence 

FAK mCherry Fluorescence 
mEmerald Fluorescence 

Vinculin mCherry Fluorescence 
mEmerald Fluorescence 

Paxillin mCherry, C Fluorescence 
mCherry, N Fluorescence 
mEmerald, C Fluorescence 
mEmerald, N Fluorescence 

Filamin mCherry Fluorescence 
mEmerald Fluorescence 

Caveolin mCherry Fluorescence 
mEmerald Fluorescence 
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