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ABSTRACT OF THE DISSERTATION 

 

Extracellular Matrix Signaling Regulates Definitive Endoderm 

Differentiation in Embryonic Stem Cells 

 

by 

 

Hermes Taylor-Weiner 

Doctor of Philosophy in Bioengineering 

University of California, San Diego, 2015 

Professor Adam J. Engler, Chair 

 

 During development embryonic stem cells use a variety of external cues to direct 

their differentiation. In particular, definitive endoderm specification coincides with 

signaling from soluble factors and the extracellular matrix. By contrast, in vitro 

differentiation methods often rely exclusively on growth factors to direct cell fate and so 

the role of extracellular matrix signaling is not well understood. Thus this dissertation 

examines how extracellular matrix enhances soluble factor signaling during definitive 
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endoderm differentiation. Soluble factors used to direct definitive endoderm specification 

(e.g. Activin A) are shown to induce embryonic stem cells to activate traction forces and 

assemble a lineage-specific extracellular matrix that is rich in fibronectin and laminin. By 

contrast, pluripotent embryonic stem cells do not assemble substantial extracellular 

matrix or activate contractility. Traction forces are shown to be required for definitive 

endoderm specification and laminin is shown to improve differentiation in a dose-

dependent manner. Extracellular laminin and contractility promote Activin A signaling 

by inhibiting SMAD7 expression and allowing nuclear accumulation of phosphorylated-

SMAD2, respectively. This work demonstrates a role for extracellular matrix in 

regulating the signaling pathways that guide early embryonic stem cell fate.  
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Chapter 1 

 
 
 
 
 
 

Cell Mechanics on Surfaces 
  



!

!

2!

Introduction 

Cells have the amazing ability not only to sense how stiff their surrounding is but 

can also physically respond to changes in stiffness. Examples of this cellular response 

include migration following a stiffness gradient [1–3] and differentiation towards 

different lineages depending on the substrate stiffness[4]. Historically, cell culture in 

vitro is performed in a petri dish made of tissue culture plastic, a material that is 

extremely stiff compared to native tissue stiffness in vivo. Only in recent years has it been 

shown that the use of tissue culture plastic neglects the significant influence substrate 

mechanics or elasticity (more commonly referred to as “stiffness”–albeit incorrectly–in a 

biological context) can have on cell behavior. This chapter will provide information on 

how to fabricate more in vivo like materials by carefully controlling substrate stiffness. 

Before doing so, the terms “stiffness” and elasticity need to be defined. 

 

What is Elasticity and Stiffness? 

Elasticity is a physical property of materials that describes their ability to undergo 

deformation and return to their original shape after a previously applied stress or 

deformation is released; it may be described as linear or nonlinear. An ideal, fully elastic 

material exhibits linear elasticity where there is a constant relationship between the 

amount of deformation an object undergoes and the force that had to be placed on the 

surface of that material to cause the deformation. Perhaps the simplest illustration of a 

linear relationship in physics is a spring. In 1678, Robert Hooke proposed the linear 

relationship of force and displacement in an ideal spring: F=kx, where F denotes the force, 

k is the spring constant and x is displacement of the spring. This physical law, commonly 
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known as Hooke’s Law, describes a constant relationship between force and 

displacement. A material with non-linear elasticity, or in this case a non-linear spring, 

would thus have a varying relationship between F and x. Most real materials, especially 

biological materials, exhibit a combination of linear and non-linear elastic behavior. 

 

Figure 1.1: Stress-strain behavior and elasticity in tissues. A) Diagram of Newtonian 
(ideal) behavior of a linearly elastic material (solid line). A typical stress-strain curve for 
a tissue (dashed line) has both linear and non-linear regimes corresponding to cells and 
matrix within the tissue differentially undergoing strain. An illustration of how a material 
is put under stress and strain to make this measurement is inset. (B) Young’s moduli for 
the biological materials indicated (colors) as well as how diseases can alter moduli from 
overexpression of matrix or other mechanisms (black). 
 

When an external force is applied to a material, it is internally compressed 

(stressed) and subsequently deforms (strains). In mechanics, the intrinsic property of a 

linear elastic material is called the Young’s Modulus (E), which describes the ratio of 

uniaxial stress–the amount of force applied through a cross-sectional area–divided by the 

uniaxial strain–the normalized deformation of the material, e.g. the change in length 

divided by the original length of the material (Figure 1.1 A inset). The material’s 

Young’s Modulus is thus defined as the slope of the stress versus strain curve and is 

measured in Pascal (Pa) or Newton per square meter (N/m2). In the human body, tissue 

512 18 Cell Mechanics on Surfaces

describes a constant relationship between force and displacement. A material
exhibiting nonlinear elasticity, or in this case a nonlinear spring, would thus have
a varying relationship between F and x. Most real materials, especially biological
materials, exhibit a combination of linear and nonlinear elastic behavior.

When an external force is applied to a material, the material is internally
compressed (stressed) and subsequently deforms (strains). In mechanics, the
intrinsic property of a linear elastic material is called Young’s modulus (E), which
describes the ratio of uniaxial stress – the amount of force applied through a cross-
sectional area – divided by the uniaxial strain – the normalized deformation of the
material, for example, the change in length divided by the original length of the
material (Figure 18.1a inset). The material’s Young’s modulus is thus defined as the
slope of the stress versus strain curve and is measured in pascal (Pa) or newton
per square meter (N m−2). In the human body, tissue may be as stiff as several
gigapascal (bone) or as soft as only few kilo pascals (fat) (Figure 18.1b). However,
most biological materials have a ‘‘toe’’ region, where the tissue is nonlinearly elastic
and then appears linear over a range of small strains before transitioning into a
nonlinear regime at larger strains (Figure 18.1a). Nonlinear elasticity is described
by finite strain theory, and in most cases this transition occurs when the external
stress causes plastic deformation or yielding, an irreversible change of shape of the
material. While this is just one example of nonlinear elasticity among many other
types, we will limit the description here to biomaterials.

A commonly observed effect of nonlinear elasticity in biological networks is
strain stiffening. For example, cross-linked fibrin scaffolds formed after an injury
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ticity in tissues: (a) Diagram of Newtonian
(ideal) behavior of a linearly elastic material
(solid line). A typical stress–strain curve for
a tissue (dashed line) has both linear and
nonlinear regimes corresponding to cells
and matrix within the tissue differentially

undergoing strain. An illustration of how a
material is put under stress and strain to
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may be as stiff as several GPa (bone) or as soft as only few Pa (fat) (Figure 1.1 B) but 

most biological materials have a “toe” region, where the tissue is non-linearly elastic and 

then appears linear over a range of small strains before transitioning into a non-linear 

regime at larger strains (Figure 1.1 A). Non-linear elasticity is described by finite strain 

theory, and in most cases this transition occurs when the external stress causes plastic 

deformation or yielding, a non-reversible change of shape of the material. While this is 

just one example of non-linear elasticity among many other types, we will limit the 

description here to biomaterials. 

A commonly observed effect of non-linear elasticity is strain stiffening. In 

biological networks, e.g. cross-linked fibrin scaffolds formed after an injury to prevent 

bleeding, materials have an increased modulus with increased load. Because biological 

networks, e.g. ECM, are composed of long protein chains, the onset of strain stiffening 

can occur suddenly and irreversibly. While these matrix networks can move and deform 

freely under small strains, the force needed to further deform the network increases 

drastically once the connecting proteins within the network are maximally unfolded and 

then begin to stretch. Another important example of non-linear elasticity is anisotropy, or 

exhibiting directionally-dependent properties, and an often cited example is cortical bone: 

its axial and transverse moduli are 23 GPa and 17 GPa[5]. 

The complex fibrous entangled characteristic of many network-based biological 

materials and biomaterials is responsible for deviation from the linear elasticity theory, 

even at small strains, and prevents these materials from being described as perfectly 

elastic. These networks, found in almost every biological material including cells, are 

well hydrated and the transport of water and other solvents during compression or tension 
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can modulate how the rate of applied stress influences the strain response, i.e. 

viscoelasticity. While the initial shape may be restored after release of previously applied 

stress meeting the first criterion of linear elasticity, strain becomes dependent on time, 

fluid viscosity, and network pore size. A viscoelastic material, which describes most 

biological tissues, can have an elastic region on the stress strain curve, and are thus 

approximated as elastic at certain stresses and strains without being truly elastic. An in 

depth discussion of the biomechanical properties of biological materials can be found in 

Fung’s work on biomechanics[6]. 

The Young’s Modulus is a measure for the strain response due to a normal stress 

applied perpendicular to the surface, a simple characterization for completely elastic 

materials. However, because many biomaterials are viscoelastic, it is important to also 

define the Shear Modulus (G), a measure for the strain response due to a shear stress 

applied parallel to the surface. The Shear Modulus is related to the Young’s Modulus via 

the Possion’s Ratio (v) such that E = 2G(1+v).  

Poisson’s ratio is the ratio of the contraction or transverse strain applied 

perpendicular to the load, to the extension or axial strain applied parallel to the load[6]. 

Perfectly incompressible materials maintain their volume under stress because their axial 

elongation is perfectly balanced by an inward lateral strain resulting in a Poisson’s ratio 

of 0.5 (e.g. rubber[7]). Perfectly compressible materials do not maintain their volume 

under stress and have a Poisson’s ratio of 0 (e.g. cork[8]). However, most real materials 

display both compressible and incompressible behavior creating biomaterials with 

Poisson’s ratios ranging between 0 and 0.5. It must be noted here that the relationships 

between E, G, and v may not apply for non-linear elastic materials. As a result, it is 
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important to keep this in mind when choosing or comparing experimental methods to 

measure stiffness. 

This chapter will provide a discussion of how biomaterials may be fabricated and 

tailored to a desired stiffness to drive cell behavior and describe the mechanical 

interactions of cells with their surroundings, i.e. mechanobiology[9]. Before beginning 

these discussions, however, it is important to place these concepts in the context of a cell. 

First, cells move and interact with their surroundings rather slowly (with exception of a 

contracting muscle cells), and given the time scale of this interaction, the elastic 

component of most viscoelastic biomaterials should dominate. Consequently in most 

cases, the elastic component of stiffness has been measured while viscous contributions 

are not described. Second, cells interact and “feel” their surrounds at the micrometer 

length scale. Should heterogeneity exist in a material at that length scale that is not well 

represented in bulk measurements, cell behavior may be less predictable. Thus the 

elasticity measure method needs to be done with length scale in mind. Stiffness of a 

material may vary significantly if measured on a microscopic level compared to a 

macroscopic level, as has been shown for polyvinyl pyrrolidone [10]. 

 

Controlling Substrate Stiffness 

The first two-dimensional tissue culture experiments, conducted by Wilhelm 

Roux in 1885, grew the medullary plate of embryonic chickens on glass plates. Two 

years later, Julius Petri created the first glass petri dish, and plastic (usually polystyrene) 

versions of his original design have been used for cell culture ever since. It is not hard to 

see why glass and hard plastic substrates are popular; they provide an optically clear, flat 
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surface where certain cell types spread and divide rapidly. However, these substrates are 

super-physiologically stiff (109 Pa) and many cellular functions, including proliferation 

[11], differentiation [4], apoptosis [11] and migration [3], change when cells interact with 

more physiologically stiff substrates (10 – 105 Pa) (Figure 1) [12]. These observations 

underscore the importance of considering substrate stiffness when engineering materials 

for biological application. 

 

Material Properties that Determine Stiffness  

The modulus of a polymer is governed by four molecular properties: 

concentration, pore size, network order or crystallinity, chain length (molecular weight) 

and crosslinking (Figure 1.2). Each of the scaffolds mentioned below manipulates one or 

more of these properties to control stiffness. Materials with long polymer chains are 

stiffer because of increased chain entanglement and crystallinity. Increasing the 

concentration of polymer or decreasing the pore size raises a material’s modulus by 

lowering the void volume. Chemical crosslinks prevent polymer chains from sliding 

relative to one another, making the material more resistant to deformation [13]. It is these 

properties and their resulting structural organization that dictate material properties 

including stiffness [14]. Whether one uses an amorphous hydrogel or an electrospun fiber 

mesh, structural organization can create additional properties such as anisotropy. For 

example, fiber orientation and thickness can change the effective stiffness of a substrate 

[15]. A single fiber is inherently stiffest in the fiber direction and weakest in the 

perpendicular direction [15]. If a fibrous material is randomly oriented, the material will 

exhibit the same mechanical properties in every direction (isotropic). On the other hand, 
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local fiber organization, e.g. alignment, can cause cells to sense a directionally-dependent 

or anisotropic increase in stiffness and elongate in the fiber direction [16]. By exerting 

small forces onto a substrate, cells create deformation fields that decay with distance 

from the cell in a manner that depends on the magnitude of the force and the material’s 

mechanical properties. If the deformation field crosses a material interface (e.g. polymer 

to glass) or if the material is sufficiently thin such that the underlying support is felt, e.g. 

2 µm for a material with an elastic modulus of 8 kPa [17] then the mechanical properties 

of the neighboring material will change the effective stiffness sensed by the cell. 

Therefore, material choice, its structure, and fabrication can all influence cell behavior, 

and thus an in-depth look at biological materials and biomaterials is warranted. 

 

Figure 1.2: Controlling matrix stiffness. Illustration of several factors that can easily 
modify matrix stiffness. 
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Naturally Derived Scaffolds 

A variety of naturally derived materials have been used as cell culture 

substrates[18–23] and a body of literature for controlling stiffness has grown around 

many of them[24, 25]. Rather than try to describe them all, we will focus on three 

representative and popular materials: collagen, hyaluronic acid (HA), and cell-derived 

extracellular matrices (ECM). 

 

Collagen Type I 

Representative of ECM protein hydrogels, collagen readily supports cell 

attachment and spontaneously gels at temperatures suitable for cell culture[21, 26]. 

Although at least 29 naturally occurring types of collagen have been identified[27], most 

collagen gels are composed of the fibrillar collagens–type I, II, III, V, XI, XXIV, and 

XXVII-which account for approximately 90% of all of the collagen in the body by 

mass[21]. At a molecular level, fibrillar collagens are formed by three chains wound 

together in a triple helix. Each chain type is encoded by a specific gene, but these can 

often be repeated; for example, two α1 and one α2 chains comprise type I collagen. This 

structure is almost exactly conserved in vertebrates as well as chordates[28]. The chain 

flexibility necessary to form the helix arises from the protein’s repeated amino acid 

sequence, Gly-Pro-X, where X can be any amino acid residue. This sequence also gives 

rise to sites for natural crosslinking, which enables tissues to change collagen mechanics 

as mentioned below. 

Collagen assembly and mechanics are tightly regulated in vivo. Collagen is 

produced as immature pro-collagen by cells and secreted into the ECM, where the alpha 
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chains undergo enzymatic removal of N- and C- terminal peptide sequences[21]. Mature 

collagen proteins self-assemble into insoluble fibrils that can be chemically crosslinked 

through glycation[29], mineralization[30] and enzymatic alterations[31]. These 

modifications can have pathological significance; for example lysyl oxidase catalyzed 

collagen crosslinking maintains a malignant phenotype in breast cancer[32]. The 

mechanical properties of many tissues are determined, in large part, by their collagen 

concentration, its organization, and its degree of crosslinking. Conversely, collagen gels 

in vitro are fibrillar (Figure 1.3 A) and often formed via non-covalent interactions, e.g. 

chain entanglement, which can be induced by raising the solution temperature (e.g. 37°C), 

raising pH, or increasing the collagen concentration[26]. Importantly, changing collagen 

pH and concentration also alters the chain density and pore size of the resulting gel, 

affecting its stiffness[33]. Using only these variables, it is possible to create gels in vitro 

with moduli on the order of hundreds of Pascals, though many tissues rich in collage are 

much stiffer (Figure 1.1 B)[12]. To increase stiffness even further in vitro, chemical 

crosslinks can be formed between the collagen molecules using ribose sugar[29], genipin 

(a fruit extract)[34], and glutaraldehyde[35] among others. Even stiffer gels can be 

created by doping in a second polymerizing solution, creating a composite material or 

interpenetrating network (e.g. agarose/collagen gel[36]).  Using these techniques, 

collagen gels with Young’s moduli in the range of 101-103 Pa may be achieved[12, 29, 

34–36]. 

There are several advantages to using collagen gels for cell mechanics 

experiments. The gels are bioactive and three-dimensional, allowing cells to bind, 

remodel and migrate through an environment that closely approximates a native 
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extracellular matrix. Gel formation is simple and the materials required are commercially 

available. The major limitations include the relatively small stiffness range that can be 

easily achieved and the difficulty of decoupling matrix chemistry from mechanics, i.e. 

changing concentration to increase stiffness also adds more ligand and makes pore sizes 

smaller, thus restricting cell movement[37]. Nevertheless, collagen gels are an important 

and widely used substrate for probing cell mechanics. 

 

Figure 1.3: Cell culture substrates with controllable stiffness. Naturally derived 
scaffolds for cell culture include gels composed of (A) collagen type I (stained with 
picrosirius red) and (B) hyaluronic acid (stained with hematoxylin). (C) The cellular 
components (pre) can be removed from the cell-derived extracellular matrix (post) 
resulting in (D) a decellularized fibrillar matrix (immunostained fibronectin colored 
green). Synthetic hydrogels used for cell culture include (E) polyacrylamide, (F) 
polyethylene glycol and (G) polydimethylsiloxane. 
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Hyaluronic Acid 

Glycosaminoglycans (GAGs) are linear polysaccharides that are formed from 

linked disaccharide units. The sugar chains may be many thousands of repeats long, 

resulting molecular weights in the mega-Daltons, and depending on the type of GAG, it 

may carry a large negative charge[38]. In tissues, GAGs are synthesized by cells and can 

be linked to insoluble ECM proteins such as collagen. Hyaluronic acid (HA), a GAG 

abundant in the fluid lubricant of joints and the ECM of many tissues, is commonly 

studied in vitro because of its mechanical properties. HA is unique among GAGs because 

the two sugars that make up its disaccharide repeat unit (N-acetylglucosamine and 

glucuronic acid) do not contain negatively charged sulfate groups. Consequently, the 

molecule exhibits a lower charge density than other GAGs at physiological pH. Instead, 

HA contains an abundance of amide, hydroxyl and carboxylate side groups that make the 

molecule hydrophilic, soluble in aqueous solutions, and easily modifiable for making 

hydrogels with tailored responses[39]. Cell types that express CD44, an extracellular 

membrane bound protein, are able to bind directly to HA and use it as a substrate for 

attachment, migration and proliferation[40]. 

Unlike type I collagen, solutions of unmodified HA cannot easily be converted 

from a liquid to a gel. The hydrophilic side groups make chain entanglement unfavorable 

and keep HA soluble under physiological conditions. To form a gel, the reactive side 

groups on HA must be chemically modified such that crosslinks can form between the 

chains. This has been accomplished using several different methods[39], with 

thiolation[41] and methacrylation[42] being the most common modifications. Using 

similar techniques, HA can also be linked to bioactive peptides[43] or entire proteins[44] 
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to enhance integrin-mediated attachment or elicit a specific cellular response. These 

modifications result in changing the mechanical stiffness of HA hydrogels, but such 

changes depend on the polymer concentration and the number of crosslinks[45]. The 

amount of crosslinking is limited by the degree of modification to the HA; more 

completely modified HA gels are usually stiffer. Most polymerization schemes result in 

hierarchical HA materials (Figure 1.3 B) with Young’s moduli that are on the order of 

101-104 Pa[39, 42]. Hydrogels composed of modified HA have also been engineered to 

undergo controlled stiffening or softening by introducing degradable crosslinks that are 

light sensitive[46] or by forming those crosslinks gradually over time[47]. 

The principle advantage to using HA gels to study cell mechanics involves the 

chemical modifications that can be added to the sugar backbone. Many modifications 

available are well characterized and allow for careful control of the gel’s chemical and 

mechanical properties, both statically and dynamically. However, these hydrogels should 

normally also be modified with an adhesive protein to encourage integrin-mediated 

adhesion; CD44 negative cells will not adhere to HA, and for those that do, CD44 is 

loosely cytoskeletally-linked at best[40]. Moreover, HA hydrogels may have a limited 

stiffness range depending on the type of modification. 

 

Cell-Derived Extracellular Matrix 

The best approximation for a native ECM that one can obtain in vitro is 

decellularized cell-derived matrix, which can be obtained via detergent solubilization 

methods that allow the matrix to remain intact; this process has become well established 

both for matrices assembled in vitro [48] by cells and in vivo by tissues [23]. The 
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extracellular matrices produced by different cell types are basement membranes, i.e. 

sheet-like structures composed of laminins, collagens, and entactins [49], and interstitial 

matrices. The latter are three-dimensional web-like structures made up of small protein 

fibers (less than 1 µm in diameter) non-covalently linked together [14]. The interstitial 

matrix fills the space between neighboring cells and gives tissues their structural integrity. 

Although the composition varies dramatically from one tissue type to another, fibronectin, 

collagens and glycosaminoglycans are common components of interstitial matrices [21]. 

Just like native extracellular environments, in vitro cell-derived matrices are dynamic and 

complex. The composition and structure of the matrix are cell-type and culture condition 

specific, sometimes making reproducibility difficult. Moreover, extracellular matrices 

undergo constant cell-mediated remodeling during culture and can sequester soluble 

growth factors and cytokines [50]. These soluble factors often remain bound throughout 

the decellularization process and affect the behavior of cells reseeded onto the 

decellularized scaffold [51]. 

  The most common commercially available cell-derived ECM is Matrigel, a self-

assembling basement membrane produced by an immortalized mouse sarcoma cell line 

[49]. Matrigel can be formed into thin films or thick gels for cell culture by simply 

raising the temperature of the solution to 37° C. Reconstituted, lyophilized matrix derived 

from specific tissues has also become an interesting off-shoot of the work from Ott and 

coworkers [20, 52]. These reconstituted networks have highly tunable substrate surface 

properties, but may not have the same bioactivity as natural tissue-bound matrix. Fibrillar, 

decellularized matrices, on the other hand, can be created from any cell-type that 

produces sufficient ECM in vitro and thus maintains its structure and activity during 
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decellularization. To produce this matrix, the cells of interest, most commonly fibroblasts 

as they produce significant amounts of matrix, are grown on a plastic substrate under 

confluent conditions that promote ECM production and assembly. After sufficient culture 

time (e.g. ~5-7 days for a 3T3 mouse fibroblast cell line to yield a 10 µm thick ECM), the 

culture can be treated with 1% NP-40, or another mild detergent, to remove the cells but 

leave the insoluble extracellular matrix unperturbed (Figure 1.3 C) [48]. In this protocol, 

unlike experiments using Matrigel, the original ECM structure remains intact and new 

cells can be seeded directly onto the vacant scaffold (Figure 1.3 D). 

Cell-derived matrices are generally soft (Young’s moduli in the range of 100-102 

Pa) [45, 53]. The stiffness of hydrogels formed from Matrigel can be controlled by 

varying protein concentration [54], though this has the unintended affect of also affecting 

ligand density and the concentration of soluble factors. Both Matrigel and decellularized 

ECMs can be stiffened using chemical cross-linkers, such as glutaraldehyde [14] or 

formaldehyde [55], though the degree of stiffening will depend on the composition and 

structure of the particular ECM. Recently, ruthenium-based molecules coupled with 

photo-initiators have been proposed a novel method for controllably stiffening cell-

derived scaffolds [56]. Despite the benefits of having a complex composition specifically 

made by your cells and eliciting some cell-behaviors absent on other substrates [57], 

these substrates suffer from substantial cell-type-to-cell-type and batch-to-batch variation, 

especially in the degree of crosslinking and thus the stiffness of the matrix. Most 

substrates are typically soft and can only be stiffened about five-fold using chemical 

cross-linkers, some of which may be toxic above certain concentrations [45]. 
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Case Study: Durotaxis on Fibroblast-Derived Extracellular Matrix 

 Ruthenium compounds have recently been introduced as a novel method for 

stiffening naturally derived extracellular matrices [56]. In this approach, tris(2,2’-

bipyridyl)dichlororuthernium(II) hexahydrate (2 mM) is mixed with sodium persulfate 

(10 mM) in the presence of extracellular matrix. When the mixture is exposed to 452 nm 

light (accomplished with a handheld flashlight or an ultraviolet transilluminator) the 

ruthenium compound enters an excited state and begins to steal electrons from sodium 

persulfate, yielding free radicals [58]. In the presence of this reaction, free radicals are 

transferred onto tyrosine residues within the extracellular matrix. These radicals are then 

available to react with other tyrosine residues or nucleophilic moieties on neighboring 

proteins, yielding a covalent crosslink [58]. This has the effect of stiffening the 

extracellular matrix. 

 Since ruthenium-based crosslinking is light sensitive, a simple photo-mask that 

blocks 452 nm light allows one to create a spatial gradient of stiffness. Using this 

approach, I created a ~0.14 Pa/µm stiffness gradient within a decellularized fibroblast-

derived extracellular matrix (Figure 1.4). Mechanical characterization of extracellular 

matrices is a challenge because of the spatial heterogeneity inherent to naturally derived 

scaffolds, as is evident by the large range of stiffness values in Figure 1.4. This was 

overcome by using a large diameter probe for measuring stiffness and taking many 

repeated measurements. 
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Figure 1.4: Spatial stiffness gradient in a fibroblast-derived matrix. Fibroblast-
derived matrix was decellularized and underwent ruthenium crosslinking. A photomask 
was used to prevent light from entering the bottom half of the matrix (negative values on 
x-axis). The resulting extracellular matrix was analyzed by atomic force microscopy 
using a 45 µm spherical probe. Individual force curves are indicated as black crosses and 
median values at each distance from the photomask are indicated as green circles.  
 

When fibroblasts were seeded onto the stiffness gradient, they migrated in the 

direction of increasing stiffness at an average velocity of 2 µm/hour (Figure 1.5 A). By 

comparison, fibroblasts on extracellular matrix without a spatial stiffness gradient 

(control) did not migrate significantly in any specific direction (Figure 1.5 A). 

Importantly, fibroblasts on both gradient and control matrices had similar absolute 

velocities, indicating that a stiffness gradient is not required for cell motility, only for 

directed migration. 
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Figure 1.5: Fibroblast durotaxis on decellularized matrices. Fibroblast motility was 
recorded on fibroblast-derived matrices either in the presence (Gradient) or absence 
(Control) of a ~0.14 Pa/µm spatial stiffness gradient. The cells were manually tracked in 
ImageJ and the velocities were calculated A) in the direction of increasing stiffness or B) 
as absolute velocities. 

 

 

Synthetic Scaffolds 

Although naturally derived materials may closely mimic the extracellular matrix 

in vivo, these natural materials often have a complexity and variability that make 

reductionist, material and surface science-based studies of cell behavior difficult. An 

alternative to naturally derived polymers are synthetic polymer hydrogels, which may 

also be used as cell culture substrates. Three synthetic materials stand out in particular 

when considering surface mechanics regarding cell culture in vitro. Polyacrylamide 

(PA)[59], polyethylene glycol (PEG), and polydimethylsiloxane (PDMS)[60–62] are well 

defined materials in terms of both structure and mechanics[63, 64]. All three systems 

provide an extremely controllable and tunable alternative for natural materials when 

developing substrates with highly tunable yet precise stiffness[63]. Although these 
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systems may lack biological epitopes to probe cell surface proteins, they can be modified 

such that their surfaces or internal structure present cell-appropriate ligands[3, 65]. 

 

Polyacrylamide Hydrogels 

Polyacrylamide hydrogels are synthesized via radical polymerization of 

acrylamide subunits crosslinked with bis-acrylamide. Acrylamide chains are produced 

from the polymerization of acrylamide monomers, and these chains are crosslinked by 

bis-acrylamide[64, 66] (4.3 E). Changing the relative concentrations of acrylamide to bis-

acrylamide as well as changing the amount of initiator allows for variation of hydrogel 

elasticity. Increasing the relative ratio of bis-acrylamide to acrylamide increases 

crosslinking, which results in increased stiffness. Most commonly, TEMED and 

ammonium persulfate are used to trigger a free radical-dependent polymerization of vinyl 

groups in the acrylamide and bis-acrylamide monomers[66]. Alternatively, 

photoinitiators activated by exposure to UV light such as Irgacure or AIBN 

(azobisisobutyrnitrile) may be used instead when wanting to make spatial gradients of 

stiffness[2, 67]. The use of light diffusers or photomasks with photoinitiators can allow 

stiffness to be varied spatially[66]. With each of these changes, it is important to consider 

how these affect surface mechanics based on the four metrics mentioned in Figure 1.2. 

For both PA and PEG systems, they will alter concentration and polymerization methods 

to create long chain entanglements or produce directly crosslinked hydrogels to modulate 

stiffness. Tse and Enlger have directly shown how crosslink density and entanglement 

influence stiffness in PA hydrogels by direct measurement via atomic force 

microscopy[59].  
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 Although PA is inert and non-fouling, surfaces can be covalently functionalized 

with amine-containing peptides or proteins using several strategies. The most often 

employed is photoactivating the surface, making it amine-reactive via heterobifunctional 

crosslinkers, i.e. a crosslinker that has a different reactive group on each end allowing for 

sequential reactions to occur[66]. Traditionally, a heterobifunctional crosslinker such as 

sulfo-SANPAH (sulfosuccinimidyl-6-(4’-azido-2’-nitrophenylamino) hexanoate) with a 

phenyl azide group on one end that can react with polyacrylamide and a 

sulfosuccinimidyl group on the other end that can react with primary amines, is used to 

conjugate matrix proteins such as collagen or fibronectin onto the surface of the 

polyacrylamide hydrogel[64, 66]. Carbodiimide-mediated crosslinking is another 

technique that is used to covalently attach proteins to PA hydrogels. EDC (1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide-HCL), a relatively inexpensive reagent, can react 

with a free carboxyl group to form an amine-reactive intermediate that reacts with amines 

on proteins for protein conjugation[66]. The free carboxyl group must be obtained by 

incorporating acrylic acid, the deamidation product of acrylamide, into the 

polyacrylamide gel. Acrylic acid can then copolymerize along with acrylamide and bis-

acrylamide. A third method of protein conjugation to polyacrylamide hydrogels utilizes 

NHS-acrylate (N-hydroxysuccinimide ester), an acrylic acid with opposing NHS and 

acrylate groups. The acrylate group can copolymerize with acrylamide and bis-

acrylamide, and the NHS group is reactive with amines in proteins. The NHS-acrylate 

can be concentrated to the surface by overlaying a solution of aqueous acrylamide and 

bis-acrylamide with a solution of immiscible toluene containing NHS-acrylate[66]. With 

this method, copolymerization of acrylamide with NHS-acrylate is restricted to the 
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surface of the hydrogel. The addition of any amine will displace the NHS moiety and 

result in the covalent bonding of proteins to the hydrogel[66]. A variant of this method 

utilizes N6 (N-succinimidyl ester of acrylaminohexanoic acid)[66, 68]. Similar to NHS-

acrylate, one end group of N6 is incorporated into the polyacrylamide gel and the N-

succinimidyl ester on the other end is reactive to primary amines. N6 is not available 

commercially, and must be synthesized. First, acryloyl chloride is added to 6-

aminohexanoic acid to yield 6-acrylamidohexanoic acid. EDC then catalyzes 

esterification with N-hydroxysuccinidmide[66]. The resulting N-succinimidyl ester is 

treated with 6-aminohexanoic acid to yield 6-acrylamidohexylaminohexanoic acid, which 

is treated again with EDC to catalyze esterification with N-hydroxysuccinimide to yield 

N6[66]. 

Despite its advantages as a culture substrate, including ease of use and linear 

elasticity over a wide range of elasticity, there are significant problems with PA that limit 

its applicability. A major drawback of acrylamide is its cytotoxic effects as a 

monomer[69].  Extensive washing is required to ensure that no monomer is present in the 

hydrogel prior to adding cells, and thus this material cannot be used to encapsulate cells 

as is often the case with ECM in vivo. Therefore, cell culture using PA hydrogels must be 

limited to 2D studies in vitro. The pore size of the gel is near 100 nm, ensuring that cells 

will remain in 2D. As with HA, PA also has some variants that build in specific 

properties, such as the thermal reversibility of Poly(N-isopropylacrylamide) 

(NIPAM)[70]. Upon crossing the lower critical solution temperature (LCST), NIPAM 

undergoes a reversible network collapse at 33°C. However, this and other modifications 

provide properties that will be difficult to use in culture given their existence outside of 



!

!

22!

conditions supportive of cell culture, e.g. LCST well below normal culture temperature. 

 

Polyethylene Glycol  

Polyethylene glycol (PEG) has been commonly used in biology due to its 

resistance to protein adsorption. PEG is a relatively small monomer (Figure 1.3 F) and 

does not polymerize itself, so it is typically conjugated to a group that does. 

Functionalized crosslinked PEG gels are synthesized by either chain or step growth 

polymerization depending on the polymerizable moieties that are incorporated to the PEG 

molecules[63, 71–73]. Chain photopolymerization of macromolecular PEG chains 

modified on either end with acrylate or methacrylate groups is the most common method 

of synthesizing PEG hydrogels. The resulting hydrogel structure is characterized by 

poly(meth)acrylate chains crosslinked with PEG. Since PEG size and molecular weight 

varies, PEG hydrogels often cannot be characterized by traditional polymer science and 

polymer chemistry. Step growth polymerizations are an alternative to the chain 

polymerization PEG-di(meth)acrylate systems. The synthesis of PEG hydrogels through 

the reaction of co-monomer solutions containing complementary reactive groups 

produces more homogeneous structures with less variation in mesh size[63]. These 

hydrogels may be synthesized using base-catalyzed Michael-type addition reactions 

between thiols and conjugated unsaturated functional groups and radical-mediated thiol-

ene photopolymerizations[63]. 

In order to incorporate matrix peptide sequences, PEG is often conjugated to an 

acrylate on one end, and a peptide sequence such as RGD, the minimum primary amino 

acid sequence in fibronectin required for binding to cell surface integrins, on the other 
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end[74, 75]. The acrylated-PEG then can polymerize similarly to acrylamide; because the 

peptide sequence does not participate in polymerization, only one end of the molecule 

will participate in the polymerization reaction and be incorporated into the backbone of 

the gel. Like polyacrylamide hydrogels, PEG hydrogels are also limited to 2D studies by 

their mesh size and crosslinking density which make the material resistant to diffusion 

and protein adsorption as well as cellular migration in three dimensions. In order to 

enable cell-cell interactions or cellular migration, degradation of the material must be 

incorporated into the system[74].  

 

Polydimethylsiloxane 

Polydimethylsiloxane (PDMS) is a viscoelastic polymer, composed of a silicone 

repeat unit (Figure 1.3 G). To create a PDMS substrate, the monomer is mixed with a 

curing agent, degassed and incubated for several hours. The ratio of curing agent to 

monomer and the incubation time controls the stiffness of the substrate (between 104 -106 

Pa)[76]. The resulting PDMS is optically clear and non-toxic, but like other synthetic 

scaffolds, it must be modified to provide ligands for cell attachment. The strategies for 

functionalizing PDMS, similar to those for PA hydrogels, employ a heterobifunctional 

linker (e.g. Sulfo-SANPAH) to covalently link bioactive peptides or proteins to the 

substrate surface[64, 66]. The pore size of PDMS is thought to be in the nanometer range, 

too small for cells to migrate away from the substrate surface[77]. These properties make 

PDMS a useful substrate for studying cell behavior on two-dimensional surfaces of 

moderate to rigid stiffness. Importantly, a recent report has demonstrated differences in 

the way cells respond to PDMS and PA gels of the same stiffness, suggesting that there 



!

!

24!

are potential differences between the way cells interact with these two substrates, such as 

with how the matrix ligand is presented [78]. However, it should be noted that the study 

employs moduli outside the well-established range for PDMS, so it is not clear at the 

present time as to what caused the PDMS to appear so soft with Trapmann and co-

workers [78]. 

Once polymerized, PDMS maintains its shape with high fidelity, making it useful 

for applications where precise spatial or topographic control is required, such as in the 

creation of micropillar substrates [79] and microfluidic devices [77]. Cells seeded onto a 

surface of micropillars exert traction forces onto the pillars, causing them to bend. By 

monitoring the displacement of the pillars, the magnitude of a cell’s traction forces may 

be calculated in real time [79]. Microfluidic devices composed of PDMS are commonly 

used to create smooth gradients of one or more soluble molecules. This can be used to 

study the response of a cell type to a chemical factor at a range of concentrations or, by 

varying the concentration of bisacrylamide, to create a PA gel with a defined stiffness 

gradient. 

 

Substrate Stiffness’ Impact on Cell Behavior 

Most cell types plated on soft, e.g. 1 kPa hydrogels, or stiff substrates, e.g. petri 

dishes, exhibit dramatically different behavior. While cells spread out on stiff substrates, 

cells on soft substrates have a round morphology, i.e. circularity closer to 1 or a perfect 

circle, and will have smaller spread areas. While some cell types such as neurons exhibit 

phenotypic behavior on softer substrates [80], most cell types display substrate stiffness-

dependent morphological and functional changes. For example, proliferation is generally 
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positively regulated by matrix stiffness [11]; proliferation rates on soft substrates are 

lower than on stiff substrates. Substrate stiffness has the ability to regulate cell survival 

[81], motility [82], and differentiation [4]. Most of these experiments were performed in 

2D, but selected studies that have extended substrate stiffness control to 3D have seen 

differences [48, 83]. Thus when assessing stiffness-dependent behavior, it is important to 

note that matrix dimensionality as well as porosity may have an effect on cell behavior 

[25]. This section will focus on cell responses to matrix stiffness in vitro and will provide 

a brief discussion of mechanotransduction–the mechanism that allows cells to “feel” 

stiffness. 

Stiffness-dependent behavior was first characterized in differentiated cells that 

naturally want to reside in a niche that mimics its native environment. Muscle, for 

example, resides in an ECM-rich niche approximately 5-20 kPa depending on the species 

and muscle type (Figure 1.1 B) [12, 24]; skeletal muscle cells in such niche form striated 

muscle only within this tight range[17, 84]. Smooth muscle also exhibits phenotypic 

behavior [85],[86],[87] and remains contractile[88] in conditions that resemble smooth 

muscle stiffness[17]. Cancer, while not having a ‘lineage’ per se, does exhibit invasive 

behavior at specific stiffness[32], which will be detailed below. Adult stem cells have the 

unique state where no specific lineage is preferred, but when presented with a matrix of a 

given set of properties, they can use these properties as cues for differentiation. For 

example, during wound healing, adult stem cells are recruited to the site of injury in order 

to help create new tissue, and at this site, matrix stiffness is thought to play a major role 

in recruiting and guiding the fate decisions of these cells. MSCs have been shown to 

differentiate into various anchorage-dependent cell types including neurons, myoblasts, 
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and osteoblasts, induced by soluble chemical stimuli as well as matrix elasticity[89],[4]. 

More specifically, when human MSCs were plated on collagen coated polyacrylamide 

gels, with stiffnesses of 0.1-1kPa (‘brain’), 8-17kPa (‘muscle’) and 25-40kPa (‘bone’), 

the morphology, transcriptional profile and expression of marker proteins resembled 

those of the compliant substrate after one week. MSCs grown on the softest substrates 

resembled those of cultured neurons, MSCs on the medium stiffness substrates resembled 

myoblasts, and MSCs grown on the stiff substrate resembled osteoblasts. Not only was 

this lineage commitment guided solely by matrix stiffness, but it can also be proposed 

that matrix stiffness is in fact more important than the soluble factors. MSCs committed 

to the matrix-derived lineage even if opposing signals from opposing soluble markers 

were present, but this occurred in a time-dependent manner; early in the culture, cell 

phenotype was ‘plastic,’ meaning that substrate and chemical cues could regulate fate but 

after weeks in culture, phenotype had been established. These data have been confirmed 

using matrix with dynamic properties, which enable one to stiffen the matrix over 

time[90]. This data suggests that matrix elasticity plays an extremely important and 

possibly dominating role in specifying stem cell lineage as it modified cells’ ability to 

interact with growth factors, serum, etc.  

 It is currently uncertain how cells actually gather information about matrix 

stiffness and translate that into a cellular response. In other words, how do cells convert 

mechanical stimuli into biochemical signals? Two main classes of mechanotransduction 

have been proposed, i.e. nuclear and peri-membranous, as the result of either passive 

(outside-in) or active (inside-out) signaling. For passive (outside-in) signaling, cells 

respond to external forces, including shear stress, extension, compression and pressure, 
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while active (inside-out) sensing involves cells probing or measuring the mechanical 

properties of their extracellular environment. While beyond the scope here, a good 

overview of active versus passive mechanotransduction can be found elsewhere[91],[92]. 

What we focus here on, however, is the location and method of sensing. In nuclear 

mediated mechanisms, forces transmitted to the nucleus result in deformation/stretching 

which pulls on the chromosomes[93], changing their accessibility or deacetylating 

specific regions[94],[95]. For sensing occurring at and around the cell membrane, several 

mechanosignaling methods have been proposed and include Rho/ROCK 

signaling[86],[64], stretch activated channels[96], and mechanical strain gauges[97]. 

Briefly, Rho/ROCK signaling includes the force-induced upregulation of contractile 

proteins which positively feedback on Rho signaling to further enhance contractility[98]. 

Stretch activated channels, which are critically important for muscle function, 

differentially control ion concentration to regulate cells’ ability to contract and “feel” 

their niche. Molecular strain gauges use force-induced conformational changes in 

proteins to alter accessibility to binding sites that could convert biophysical to 

biochemical cues[91]. Each of these have specific differences which are covered 

elsewhere[91]. 

 

When Stiffness In Vivo Goes Awry: the Impact of Fibrosis on Function 

Fibrosis, the accumulation of excess and abnormal extracellular matrix often 

occurring during wound healing [99], is the major disease model of altering tissue 

stiffness in vivo motivating the study of substrate stiffness in vitro. While replacing 

injured tissue with normal healthy tissue is ideal, most often the wound healing process 
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goes awry [100, 101] as injured tissue is gradually replaced with fibrous connective tissue, 

resulting in scar formation that is different in composition and several-fold stiffer than 

healthy tissue[99, 102]. In addition to increased matrix production, fibrosis can also occur 

through decreased matrix degradation [100, 103, 104]. Fibrosis may occur in many 

tissues, including the bone marrow (myelofibrosis) [105], lungs (pulmonary 

fibrosis)[106], liver (cirrhosis) [100], intestines (Crohn’s Disease) [107], and heart 

(endomyocardial fibrosis and myocardial infarct) [108]. This final section of the chapter 

will focus on liver fibrosis as a case study, which as shown in Figure 1.1 B has 

significantly elevated stiffness from normal liver, and describe how specific aspects of 

the disease, i.e. stiffness, can be mimicked in vitro. 

Liver fibrosis arises from the wound healing response to chronic liver damage that 

may result from viral hepatitis, ethanol abuse, biliary obstruction, autoimmune disorders, 

or metabolic diseases [99, 100, 109, 110]. In 2003, over 900,000 patients suffered from 

cirrhosis, the end stage of liver disease or liver injury characterized by untreatable 

fibrosis [109, 110]. Viral hepatitis, specifically hepatitis B and hepatitis C, is the leading 

risk factor of liver fibrosis globally, while liver disease stemming from alcoholism is the 

leading risk factor of liver fibrosis in developed nations [111, 112]. 

The primary characteristic of liver fibrosis is the accumulation of up to 6-fold 

more extracellular matrix including fibrillar collagens, fibronectin, and proteoglycans [99, 

111, 113]. The additional matrix, deposited by a-smooth muscle actin expressing 

contractile myofibroblasts [99, 104], causes a near 3-fold stiffening of the tissue [99]. 

Hepatic stellate cells found in the liver are activated during fibrosis, then migrate and 

accumulate at sites of tissue repair [104], and transdifferentiate into myofibroblasts[99, 



!

!

29!

114]. In culture, hepatic stellate cells transdifferentiate into myofibroblasts in response to 

increased substrate stiffness[99, 115], indicating stiffness-induced positive feedback. 

During fibrosis however, tissue stiffness increases before myofibroblasts are activated 

and before excess matrix is produced and deposited in the liver[99]. 

 The initial increase in tissue stiffness immediately after the onset of fibrosis may 

be attributed to increases in lysyl oxidase activity[99, 116–118]. Lysyl oxidase catalyzes 

the formation of highly reactive aldehydes from lysine residues in collagen[119] to form 

crosslinked collagen that can increase matrix stiffness[120]. Lysyl oxidase activity in a 

fibrotic liver is 4- to 6-fold greater than in a normal healthy liver[119]. The initial 

stiffness increase has been shown to activate hepatic stellate cells to transdifferentiate 

into myofibroblasts, which deposit excess matrix, increasing tissue stiffness, and further 

activates even more hepatic stellate cells to transdifferentiate[119]. However, the 

accumulation of matrix is also an effect of decreased matrix degradation[111, 121]. As 

excess collagen is deposited, the simultaneous increase in crosslinking activity protects 

the newly deposited collagen from being degraded or remodeled by collagenase[122, 

123], further prompting this increasing tissue stiffness positive feedback mechanism. In 

normal matrix remodeling, metalloproteinases (MMPs) degrade various matrix proteins. 

Decreased degradation in fibrosis is also attributed to increased secretion of MMP 

inhibitors[103, 104]. What results is a soft matrix of approximately 600 Pa which stiffens 

3-fold over a month[99]. Using the materials mentioned below, such temporal changes 

can be easily mimicked in vitro. 

 

Novel Surface Fabrication Techniques to Improve Biomimicry 
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Cell behavior in vitro most closely resembles in vivo cell behavior when cells are 

grown on substrates that mimic the stiffness of their native environment[24, 47]. 

However, the ECM is not static. As a result, there is a significant need for biomimetic 

hydrogels to have dynamically tunable properties that can probe and respond to complex 

cellular behavior[63]. Recent dynamic hydrogels, where stiffness may change either 

spatially or temporally, represent the newest area of exploration.  

Physiological spatial gradients of tissue stiffness may be observed within a tissue, 

as well as at tissue interfaces[59]. For example, cells in vivo may encounter physiological 

stiffness gradients such as the bone (stiff)-cartilage (soft) interface[3, 4, 124]. 

Pathological stiffness gradients on the other hand may arise during wound healing; a 

myocardium post-infarction forms a fibrotic scar that is several-fold stiffer than healthy 

tissue[3, 102]. In either case, migrating cells such as mesenchymal stem cells (MSCs) 

that travel from their source to a specific tissue where they then differentiate, will 

encounter stiffness gradients and thus will feel changes in environmental stiffness along 

the way. Polyacrylamide gels that vary in stiffness spatially have been created to study 

stem cell durotaxis, or the migration of cells solely due to changes in stiffness, in vitro. 

Gradient photomasks that filter UV light to create a gradient of UV intensity and a 

photoinitiator such as Irgacure can be used to fabricate polyacrylamide gels with shallow 

stiffness gradients [59, 125]. Microfluidic gradient generators allowing for greater 

stiffness control have also been developed in order to create somewhat steeper 

polyacrylamide stiffness gradients[2, 67]. Although biomimetic gradients of collagen or 

other matrix protein may also be used to fabricate a 3D biological stiffness gradient gel in 

vitro[126], it is important to note that these systems do not effectively decouple ligand 
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and stiffness gradients. 

Tissue stiffness also varies temporally. Chicken heart for example, develops from 

soft mesoderm tissue with a stiffness that is less than 0.5 kPa, and stiffens as 

development progresses up to 10 kPa over the course of several weeks[47, 127]. 

Thiolated hyaluronic acid gels, which undergo a Michael-type reaction with polyethylene 

glycol diacrylate of varying molecular weight, can stiffen in a similar manner as 

previously mentioned. This time-stiffening material mimicking developmental stiffening 

has been shown to improve cardiomyocyte maturation and sarcomere assembly[47]. 

Collagen-alginate hydrogels, which are crosslinked using divalent cations such as 

calcium, can also have temporally changing stiffness as step changes in calcium-induced 

crosslinking can be titrated into the network. However, this process requires externally 

adding calcium over time, which may alter cell signalling[128]. pH and temperature 

changes have also been proposed to modulate network elasticity[129, 130], but these 

change niche hydrophobicity and may potentially alter cell metabolism from prolonged 

culture in less than optimal media conditions. Using principles similar to thiolated 

hyaluronic acid hydrogel stiffening, Guvendiren and Burdick have recently described 

how a methacrylated hyaluronic acid hydrogel, which uses dithiothreitol (DTT) to 

initially crosslink the hydrogel, subsequently has time-dependent crosslinking with 

stepwise activation via UV-activated, free radical polymerization[42].  

 

Conclusion 

The current state of stiffness altering materials is transitioning from 2D to 3D, and 

from synthetic materials to more biomimetic natural biological materials. Cells reside in 
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3D in vivo, and dimensionality has shown to significantly affect cell adhesion, migration, 

and gene expression[131]. The incorporation of varying stiffness in 3D both temporally 

and spatially will allow for the understanding of tissue development and tissue wound 

healing, both of which provide a foundation for the investigation of tissue engineering 

therapies. 
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Introduction 

Embryonic stem cells (ESCs) employ a wide variety of external cues to regulate 

their balance between self-renewal and differentiation. During development, these cues 

are expressed with precise temporal and spatial control to result in appropriate cellular 

arrangements [1]. Complex sets of soluble growth factors, intended to recapitulate the 

early developmental regulation of a specific lineage, have been used in vitro to 

differentiate ESCs [2]; for example, addition of Activin A, a TGF-β family protein, and 

Wnt3a induces initial endoderm marker expression [3, 4]. However, differentiation 

protocols can also inadvertently include or stimulate the production of ECM proteins. For 

example, induction of mouse ESCs to definitive endoderm (DE) by Activin A involved 

changing the substrate on which the cells were plated from a collagen- to a FN-based 

substrate [5]. Many!growth factors have also been linked to extracellular matrix (ECM) 

upregulation, e.g., TGF-β stimulates fibronectin (FN) production [6] and can sequester 

and regulate the presentation of soluble cues [7]. Though growth factors are clearly an 

important differentiation regulator, these observations motivate the examination of 

whether combinations of ECM proteins, e.g. FN and laminin, and the integrin-mediated 

signaling which they induce play a role in directing ESC fate in general [8].  

FN is expressed and localized to mouse endoderm marker-expressing cells in vivo 

[9] as well as many endoderm-derived tissues [10–12]. Laminin is also upregulated 

during endoderm specification in vivo, where it forms a basement membrane between the 

primitive ectoderm and endoderm [13]. In fact, β1-integrin, which binds FN, laminin and 

other matrix proteins, has been shown to be required for endoderm differentiation in 

mouse embryoid bodies [14]. When secreted, FN and laminin bind to integrin receptors 
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and are assembled into a 3-dimensional fibrillar scaffold alongside other matrix proteins 

to support cells [15]. Much like the signaling cascades initiated by growth factors, 

integrin activation via ECM binding initiates intracellular signaling pathways in mouse 

embryonic stem cells (e.g. MAPK/ERK and Rho-ROCK [16]) that mirror key aspects of 

embryonic development [1], including the regulation of pluripotency [17, 18], 

proliferation [19], and differentiation [20, 21]. Yet these studies typically utilize a defined 

ECM without necessarily defining the endogenous ECM that is produced by 

differentiating ESCs. This ESC matrix is likely to be as complex as that found in mature 

tissues [10] and while many reductionist studies have examined the effects of matrix 

components on properties of mouse embryonic stem cells [22], examining how a 

combination of matrix-based cues or ECM proteins influence stem cells has been limited 

to high throughput 2-dimensional assays [20]. Therefore, we employed multicellular 

embryoid bodies (EBs), ESC-derived matrix, and fibrillar matrix designed with specific 

protein composition to investigate how the presence of FN and laminin in a 3-

dimensional matrix regulate mouse ESC differentiation, especially into DE. Together 

these data implicate endogenous ECM as important co-regulators of mouse ESC fate 

along with the growth factors that induce their production.  

 

Materials and Methods 

Cell Culture 

All cells were cultured at 37°C in a humidified incubator containing 5% carbon 

dioxide. Mouse fibroblast (NIH-3T3) cells were maintained in Dulbecco’s modified 

Eagle’s medium supplemented with 10% bovine calf serum (Thermo Scientific), 4mM L-
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glutamine, 1mM sodium pyruvate, 100 U/mL penicillin, 100 µg/mL streptomycin and 

0.25 µg/mL amphotericin B for 4 days prior to passaging. Murine ESCs (cell line CCE, 

Stem Cell Technologies, [23]; cell line R1, American Type Culture Collection, [24]) 

were maintained in DMEM containing 2mM L-glutamine, 1mM sodium pyruvate, 50 

U/mL penicillin, 50 µg/mL streptomycin, 1mM non-essential amino acids, 15% fetal 

bovine serum screened for mouse ESCs (Thermo Scientific), 100 µM 1-thioglycerol and 

103 U/mL leukemia inhibitory factor. ESCs were grown on 0.1% gelatin-coated plates 

and passaged 1:10 as a single-cell suspension once the plate reached 80% confluence, 

about every 2 days, to maintain their undifferentiated state. CCE cells that stably express 

GFP under the control of the Nanog promoter were kindly provided by Dr. Ihor 

Lemischka (Mt. Sinai Medical School) and are termed Nanog-GFP ESCs [25]. 

 To differentiate ESCs as a monolayer, cells were seeded as a single cell 

suspension on the indicated substrate at a density of 104 cells/cm2 in a differentiation 

medium composed of 1:1 Iscove's modified Dulbecco's medium and Ham’s F-12 nutrient 

mixture, 2mM L-glutamine, 50 U/mL penicillin, 50 µg/mL streptomycin, 0.1% bovine 

serum albumin, 450 µM 1-thioglycerol and the indicated concentration of fetal clone II 

serum (Thermo Scientific). Differentiation medium was supplemented with 10% serum 

[26], 10% serum and 20 ng/mL BMP-4 (R&D Systems) [27], or 1% serum, 100 ng/mL 

Activin A and 10 ng/mL Wnt3a [3] to induce neural progenitor, mesoderm, and definitive 

endoderm (DE) lineage specification, respectively. 10 µg/mL of GoH3 α6-integrin 

function blocking antibody (Beckman Coulter), 5 µg/mL of Ralph 3.1 α3-integrin 

function blocking antibody (Developmental Hybridoma Bank, Iowa City, IA), or 50 

µg/mL of rabbit IgG control antibody were selectively added to differentiation cultures to 
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disrupt integrin binding. In addition to including blocking antibodies in differentiation 

medium during culture (which was replenished every 2 days), ESCs in suspension were 

also incubated in differentiation medium containing the antibody at 37°C for 1 hour prior 

to seeding. 

 To differentiate ESCs in embryoid bodies (EBs), the multi-cell aggregates were 

formed by culturing 105 ESCs/mL in differentiation medium containing 15% serum in 

non-adherent 6 cm petri dishes for the indicated time. 100 µg/mL of soluble heparin or 6 

µg/mL of BIIG2 α5-integrin function blocking antibodies (Developmental Hybridoma 

Bank, Iowa City, IA) was selectively added to EB cultures in the same manner as 

described above to competitively bind FN dimerization sites [28] or block α5-integrin 

function, respectively [29]. As noted above, medium during culture was replenished 

every 2 days to continuously block the interaction. Unless otherwise noted, cell culture 

products purchased were from Invitrogen and other reagents purchased from Sigma-

Aldrich. 

 

Preparation of Extracellular Matrix and Gelatin Culture Substrates 

To prepare gelatin-coated substrates, tissue culture plates were incubated with 

0.1% gelatin for 30 minutes. Fibrillar extracellular matrix was prepared from the 

indicated cell type using an established protocol [15]. For fibroblasts, mouse laminin-111 

(Southern Biotech) was added exogenously to the culture medium when indicated.  

Briefly, 104 cells/cm2 were grown in growth medium for fibroblasts or induction medium 

for mouse ESCs for 7 days. Cells were then washed with PBS, wash buffer I (2 mM 

magnesium chloride, 2 mM EGTA, 100 mM sodium phosphate, pH 9.6), incubated at 
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37°C for 15 minutes in lysis buffer (8 mM sodium phosphate, 1% NP-40, pH 9.6) and 

replaced with fresh lysis buffer for an additional 60 minutes before final washes with 

wash buffer II (10 mM sodium phosphate, 300 mM potassium chloride, pH 7.5), PBS, 

and sterile water. Matrices were sterilized under ultraviolet radiation for 15 minutes prior 

to seeding. 

 

Metabolic FN Labeling  

ESCs and EBs were cultured for the indicated periods of time in the absence or 

presence of serum FN, and subsequently labeled with 100 µCi/mL [35S] methionine (MP 

Biomedicals; Solon, OH) for 24 hours before collection of the medium and lysis of cells 

in mRIPA buffer. FN was isolated from culture medium and lysates using gelatin-

Sepharose binding. Isolated FN was then reduced by addition of 0.1 M dithiothreitol and 

separated by electrophoresis. Gels were dried, placed on a phosphor storage screen, and 

bands detected and quantified using a Storm 860 system (GE Healthcare Life Sciences). 

Data plotted represents total FN produced in both lysates and media. Though cells were 

plated at similar densities, to normalize gel loading to account for any proliferation 

differences, protein concentration was determined from a β-N-acetylglucosaminidase 

activity assay performed on cell lysates. 

 

Deoxycholate-Solubility Assay 

A deoxycholate (DOC)-solubility assay was used to separate cellular components 

from DOC-insoluble cell-derived extracellular matrix for western blot analysis, as 

previously described [30]. Briefly, cultured cells were washed with PBS and lysed with 
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DOC lysis buffer (2% sodium deoxycholate, 20 mM Tris·Cl, 2 mM EDTA, 2mM PMSF, 

pH 8.8). The cell lysate was collected and passed through a 27-G needle five times to 

shear DNA and reduce viscosity. The lysates were micro-centrifuged at 18,400 g for 20 

minutes to pellet the DOC-insoluble fraction (DOC-insoluble ECM). The supernatant 

(cell lysis component) was removed and the DOC-insoluble fraction was washed once 

with fresh DOC lysis buffer and then resuspended in SDS-solubilization buffer (4% SDS, 

20 mM Tris·Cl, 2 mM EDTA, 2mM PMSF, pH 8.8).  

 

Western Blotting 

Cells were lysed using mRIPA buffer [31] or DOC lysis buffer [30], as indicated. 

If a DOC-lysis buffer was used, the DOC-insoluble fraction was solubilized in a SDS-

solubilization buffer [30]. Samples were separated by electrophoresis under reducing and 

denaturing conditions, transferred to a nitrocellulose membrane and immunoblotted using 

ab8245 mouse anti-GAPDH monoclonal antibody (1:104; Abcam), ab18976 rabbit anti-

Oct4 polyclonal antibody (1:500; Abcam), PAX6 mouse-anti Pax6 monoclonal antibody 

(1:200; Developmental Studies Hybridoma Bank), ab20680 goat anti-Brachyury 

polyclonal antibody (1:200; Santa Cruz Biotechnology, Inc.), sc-9053 rabbit anti-GATA4 

polyclonal antibody (1:200; Santa Cruz Biotechnology, Inc.), AF1924 goat anti-SOX17 

polyclonal antibody (1:200; R&D Systems), R457 rabbit anti-fibronectin polyclonal 

antiserum (1:2000; [32]), ab11575 rabbit anti-laminin-111 polyclonal antibody (1:1000; 

raised against laminin from EHS basement membrane; Abcam) or ab34710 rabbit anti-

collagen type I polyclonal antibody (1:2000; Abcam) and the appropriate horseradish 

peroxidase-conjugated goat or donkey IgG (1:104). Western blots were developed with 
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ECL substrate (Pierce) and the integrated densities of bands within the linear range of the 

film were analyzed using Image J. GAPDH was used to normalize all data, which was 

plotted as a fold change from EBs grown with complete serum (Figure 2.1) or from ESCs 

grown in maintenance medium (Figure 2.5). 

 

Fluorescence-Activated Cell Sorting Analysis 

The indicated ESCs maintained in self-renewing conditions or grown as EBs in 

either complete fetal clone II serum (Thermo Scientific) or FN-depleted fetal clone II 

serum (FN removed by gelatin-Sepharose affinity chromatography [15]) were analyzed 

by flow cytometry for their expression of GFP under the control of a Nanog promoter. 

After washing in PBS, EBs were dissociated using a 5 minute treatment of 0.05% trypsin 

under light agitation. Cells were centrifuged before being resuspended for analysis in a 

FACScan cytometer (Becton Dickinson). Fluorescence was measured at 488 nm and data 

were gated to measure single cells.  

 

Immunofluorescence Staining 

Cell cultures to be immunofluorescently stained were fixed with 3.7% 

formaldehyde for 20 minutes at room temperature. When staining for intracellular 

proteins, samples were subsequently permeabilized with 0.5% Triton X-100 for 5 

minutes at 37°C. Samples were blocked for 1 hour with 2% ovalbumin at 37°C and 

stained using R457 rabbit anti-fibronectin polyclonal antiserum (1:500; [32]), sc-9053 

anti-GATA4 polyclonal antibody (1:200; Santa Cruz Biotechnology, Inc.), ab3280 mouse 

anti-actin polyclonal antibody (1:1000; Abcam), rhodamine-phalloidin (1:500; 
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Invitrogen), ab11575 rabbit anti-laminin-111 polyclonal antibody (1:100; raised against 

laminin from EHS basement membrane; Abcam), or AF1924 goat anti-SOX17 

polyclonal antibody (1:20; R&D Systems) and the appropriate Alexa dye- conjugated 

goat or donkey IgG (1:500). Cells were additionally labeled with Hoechst (1:2000) stain 

as indicated. Samples were examined by either a CARV or CARV II confocal 

microscope (BD Biosciences) mounted on a Nikon Eclipse TE2000-U microscope with 

IP Lab software or Nikon Ti-S microscope with Metamorph 7.6 software. Image J 

software with a custom analysis macro was used to determine line profiles (Figure 2.2). 

Briefly, a line was drawn from the center to edge of the EB at its widest confocal cross-

section (Figure 2.2 A). This line was averaged over all 360 degrees and then averaged 

across a population of EBs in the same culture condition, resulting in line plots from the 

center to the edge of EBs (Figure 2.2 B-D; Figure 2.3). 

 

Quantitative Polymerase Chain Reaction (qPCR) 

RNA was isolated from adherent ESCs or cultured EBs at the indicated time 

points using Trizol according to the manufacturer's instructions and cDNA was prepared 

from 2 µg of RNA as described elsewhere [28]. qPCR was performed (40 cycles, 95°C 

for 15 seconds followed by 60°C for 1 minute) for differentiation markers using an ABI 

Prism 7900 HT, the primer sets indicated in Table 1.1 as designed via PrimerQuest 

software (Integrated DNA Technologies), and the iQ SYBR Green Supermix. Data were 

analyzed using SDS 2.3 software (Applied Biosystems), which calculated expression 

based on a standard curve generated by a FN plasmid [33]. GAPDH was used to 

normalize all data, which was plotted as a fold change from undifferentiated mouse ESC 
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control samples. Note that the variance in threshold cycle for GAPDH across all samples 

from Figures 1.6 and 1.7 was less than 0.03 and 0.08 cycles, respectively. 

 

Table 2.1: List of primer sequences. Quantitative PCR primers were designed from 
separate exons to eliminate potential contributions from genomic DNA. 

Gene  

(Accession #) 

Primer sequence  Product 
size 
(bp) 

GAPDH 

(NM_008084) 

FP: 5'-TCAACAGCAACTCCCACTCTTCCA-3' 

RP: 5'-ACCACCCTGTTGCTGTACCGTATT-3' 

117 

GATA-4 

(NM_008092) 

FP: 5'-TCAAATTCCTGCTCGGACTTGGGA-3' 

RP: 5'-GTTTGAACAACCCGGAACACCCAT-3' 

163 

Brachyury 

(NM_009309) 

FP: 5'- AGCTCTCCAACCTATGCGGACAAT-3' 

RP: 5'- TGGTACCATTGCTCACAGACCAGA-3' 

178 

Pax6 

(NM_001244198.1) 

FP: 5'- ATCAGCAGCAGCTTCAGTACCAGT-3' 

RP: 5'- AGGTTGTTTGCCATGGTGAAGCTG-3' 

164 

Oct4 

(NM_013633.3) 

FP: 5'- AAAGCAACTCAGAGGGAACCTCCT-3' 

RP: 5'- TAGCTCCTTCTGCAGGGCTTTCAT-3' 

122 

Foxa2 

(NM_010446.2) 

FP: 5'- AAGTATGCTGGGAGCCGTGAAGAT-3' 

RP: 5'- CGCGGACATGCTCATGTATGTGTT-3' 

148 

Fibronectin 

(NM_212482.1) 

FP: 5'- AGGCTTGAACCAACCTACGGATGA-3' 

RP: 5'- GCCTAAGCACTGGCACAACAGTTT-3' 

124 

 

Statistical Analysis 

All statistical analyses were performed using Prism 5 (GraphPad Software, Inc.). 

Differences among three or more groups were assessed by ANOVA with Tukey’s post 
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hoc analysis to identify statistical differences when the p-value is less than 0.05. 

Unpaired t-tests were used when comparing two groups as indicated. All data are 

presented as mean ± standard error of the mean. Experimental data are shown for 

experiments performed in triplicate. 

 

Results 

Fibronectin is Necessary for Loss of Pluripotency and Correlates with Endoderm 

Differentiation in Embryoid Bodies 

Embryos lacking FN have early developmental defects [34] and fail to complete 

gastrulation [35], suggesting that FN may be required for initial fate specification. To 

examine the influence that FN may have on differentiation, mouse CCE ESCs that 

express GFP under the control of a Nanog promoter [25] were cultured as multicellular 

embryoid bodies (EBs) to induce their differentiation while monitoring GFP expression 

and endogenous FN production. Between days 4 and 8 in culture, a decrease in GFP 

expression occurred as assessed by flow cytometry (Figure 2.1 A; left), resulting in a 3-

fold reduction of the GFPHIGH population (Figure 2.1 B), and thus indicating lower Nanog 

promoter activity. Metabolic labeling showed that FN production preceded the change in 

GFP expression, resulting in a 3-fold increase in FN production by day 8 when 

normalized to undifferentiated ESCs at day 0 (Figure 2.1 C). To determine whether 

changes in FN levels affected Nanog promoter activity, EBs were grown in FN-depleted 

serum with or without small interfering RNA (siRNA) targeting FN (see Table 1.2 for 

sequence). Unlike complete serum, a roughly equal number of cells remained GFPHIGH as 

lost fluorescence when cultured in FN-depleted serum (Figure 2.1 A; center and 1.1 B), 
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and the dramatic increase in FN production was no longer detected by metabolic labeling 

(Figure 2.1 C). EBs grown in FN-depleted serum with FN siRNA contained many 

GFPHIGH cells for the duration of the culture period (Figure 2.1 A; right and 1.1 B) and 

exhibited decreased FN production versus untreated cells as a confirmation of the FN 

siRNA’s effect (Figure 2.1 C). 

Table 2.2: List of siRNA sequences used to knockdown expression of FN and α5-
integrin in mouse ESCs. 

Name Sequences 

FN siRNA 5’-AGAACAAACACUAACGUAA-3’ 

 5’-GGUCAUUUCAGAUGCGAUU-3’ 

 5’-GGAGAGAGAUGCACCGAUU-3’ 

 5’- GGUUCAGACUCGAGGCGGA-3’ 

α5 siRNA 5'-CAAGAUGAGUUCAGCCGAU-3' 

 5'-GCUUCAACCUAGACGCGGA-3' 

 5'-UGUGAAGGACCCUCGUUUA-3' 

 5'-CAGCAAAGGCUCCCGGAUU-3' 

 

Though these data indicate a sequential relationship between FN and the loss of 

self-renewal, they do not show whether the absence of FN would also delay the 

expression of differentiation markers. To address this, EBs from both CCE and R1 mouse 

ESCs cultured in complete serum and in FN-depleted serum for 6 days were analyzed by 

western blotting to assess expression of germ layer markers. When compared to complete 

serum, CCE and R1 EBs cultured in FN-depleted serum exhibited increased expression 

of the self-renewal marker Oct4 and reduced expression of the ectoderm marker Pax6, the 

endoderm markers SOX17 and GATA4, and the mesoderm marker Brachyury, although 
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R1 cells saw a slight but not statistically significant increase in Brachyury expression and 

no change in Oct4 expression (Figure 2.1 D).  

 
  

Figure 2.1: Mouse embryonic stem cell (ESC) self-renewal and differentiation is 
affected by fibronectin (FN). Mouse ESCs (CCE cell line), expressing green fluorescent 
protein (GFP) under the control of a Nanog promoter, were cultured as embryoid bodies 
(EBs). (A): EBs, grown in conditions with complete serum or FN-depleted serum ±�
small interfering RNA (siRNA) for FN, were dissociated into single cells and analyzed 
by flow cytometry. Mouse ESCs lacking Nanog-GFP were labeled GFP- ESCs (red lines) 
and used to set a GFPHIGH threshold in B. The starting populations of undifferentiated 
Nanog-GFP cells were labeled GFP+ ESCs (green lines). (B): The GFPHIGH ESC fraction, 
determined from the gate in A, as defined by the GFP- ESCs, decreases with time 
depending on the specific culture conditions. (C): EBs grown in conditions with complete 
serum or FN-depleted serum (labeled as FN-) ± siRNA for FN were metabolically 
labeled with [35S] methionine, and the labeled FN produced during labeling was 
analyzed by SDS-polyacrylamide gel electrophoresis (PAGE) and phosphorimaging 
(images not shown). Data are normalized to the FN produced by undifferentiated ESCs at 
day 0. (D): Mouse ESCs (CCE and R1) were cultured as EBs for 6 days in medium with 
complete (1) or FN-depleted serum (2). Cells were lysed and equal amounts of protein 
were separated by SDS-PAGE and blotted with Oct4 (self-renewal), Pax6 (neural 
progenitor), Brachyury (mesoderm), GATA4 (definitive endoderm [DE]), SOX17 (DE), 
and GAPDH (loading control) antibodies (left). The fold-change in protein expression of 
the FN2 culture relative to the FN1 culture was quantified (mean±SE from three 
independent samples) (right). (A–C): *, p<.05 as determined by analysis of variance. (D): 
*, p<.05 as determined by a one-sample t-test comparing the sample to a theoretical mean 
of 1.0. 
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Since FN is localized to endoderm cells in vivo [9] and is abundant in many 

endoderm-derived tissues [10–12] the spatial and temporal localization of endoderm-

markers and fibronectin in EBs were compared. Nanog, GATA4, and FN images of the 

widest confocal cross-sections of CCE EBs (Figure 2.2 A) grown with medium 

containing complete serum were taken at days 2 and 6, and subsequent analyses produced 

line plots of the average staining intensity from EB center to edge. Both GATA4 (Figure 

2.2 B) and FN (Figure 2.2 D) showed increased staining as a function of culture time. 

Levels of GATA4 and FN also increased with distance from the EB center at day 6 

(arrows) but not at day 2. To quantitatively measure the correlation between protein 

expression and position for FN and GATA4, Pearson's Product-Moment Coefficient, a 

measure of positively (+1) or negatively (-1) correlated variables, was calculated. This 

coefficient increased from 0.11 on day 2 to 0.70 on day 6, showing that as EBs develop, 

FN and GATA4 exhibit similar distributions. In contrast, Nanog-controlled GFP 

expression (Figure 2.2 C) decreased with both time and position towards the EB edge, 

and thus its correlation coefficient with both GATA4 and FN was negative at day 6: -0.58 

and -0.85, respectively. FN and GATA4 expression in EBs treated with heparin, which 

interferes with FN matrix assembly but not production [28], did not increase with 

position towards the EB edge but did increase over time (Figure 2.3 C-E). Similarly, 

treatment with the antibody BIIG2, which blocks α5-integrin binding to FN [29], 

prevented the increase in FN and GATA4 at the EB periphery (Figure 2.3 F-H). It is 

important to note that mouse ESCs do not express many other fibronectin-binding alpha 

integrins [19]. It should also be noted that these confocal microscopy data are not likely 

affected by antibody diffusion as actin antibody and phalloidin staining produce line 
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profiles with a correlation coefficient of 0.78 in EBs made from CCE ESCs (Figure 2.3 A, 

B). Together these data suggest that spatial and temporal changes in FN assembly may be 

coupled with mouse ESC fate. 

 

Figure 2.2: Fibronectin expression correlates with endoderm but not self-renewal 
markers in embryoid bodies. (A) Immunofluorescent images of Nanog-controlled GFP 
(green) and fibronectin (red) were made at the widest confocal cross-section of EBs 
(CCE cell line) cultured in complete media. Custom image analysis software was used to 
determine the average fluorescent intensity from the EB center to the edge, summed 
together for all 360 degrees. Scale bar is 100 µm. (B-D) Protein distributions are shown 
for GATA4 (definitive endoderm), Fibronectin, and Nanog-controlled GFP at days 2 and 
6 of EB culture (>50 EBs/group from 5 independent samples). 
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Figure 2.3: Actin localization in embryoid bodies. (A) Immunofluorescent image of 
antibody-stained actin (green) and phalloidin (red) made at the widest confocal cross-
section of an EB (CCE cell line) cultured in complete media. (B) Protein distribution of 
actin, as measured by both labeling techniques, was similar as shown by correlation 
analysis. (C-E) Immunofluorescent image of heparin-treated EB stained for GATA4 
(green) and FN (red) were made at the widest confocal cross-section of an EB. Note that 
the FN stained in the image is not assembled into a fibrillar structure as in Figure 2.2. 
Protein distribution of the two proteins was uncorrelated similar as shown by correlation 
analysis. (F-H) Immunofluorescent image of the integrin alpha-5 blocking antibody, 
BIIG2, treated EB stained for GATA4 (green) and FN (red) were made at the widest 
confocal cross-section of an EBs. Protein distribution of the two proteins was 
uncorrelated similar as shown by the correlation assay. Scale bars are 100 µm. 
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Figure 2.4: Differentiating mouse ESCs assemble a fibrillar fibronectin matrix. 
Mouse ESCs (CCE and R1) were cultured for 7 days in pluripotency (PP), neural 
progenitor (NP), definitive endoderm (DE), or mesoderm (MD) medium. Maximum 
intensity z-stack projections were created from confocal cross-sections of the 
immunostained fibronectin matrix (green). Scale bar is 20 µm. 

 

Endoderm-Inducing Growth Factors cause Assembly of a Fibrillar ECM with 

Composition that is Distinct from other Lineages 

Unlike EBs, monolayer culture can be highly controlled to induce mouse ESC 

differentiation down a specific lineage. To further establish a link between extracellular 

matrix proteins that are expressed as a result of the growth factors present in ESC 

cultures and endoderm induction, mouse ESCs were plated onto gelatin-coated substrates 

and cultured for 7 days in medium that either maintained pluripotency (PP) [36] or 

induced differentiation to mesoderm (MD) [27], definitive endoderm (DE) [3], or neural 

progenitors (NP) [26]. Fibrillar FN matrix was observed in the DE induction conditions, 

compared to pluripotent mouse ESCs and the other differentiation conditions of CCE 

cells where FN was mostly punctate (Figure 2.4). Quantitative comparison of assembled 

matrix using a DOC-solubility assay [30] indicated differences in both composition and 

amount of DOC-insoluble matrix produced in each condition (Figure 2.5 A); for example, 
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CCE and R1 ESCs in differentiating conditions produced 2- to 6-fold more FN matrix 

than when cultured in PP medium (Figure 2.5 B). These assembly differences are not 

likely due to different serum FN concentrations as PP medium has the highest serum 

concentration. DE medium also induced 30-550% more laminin-111 expression than 

ESCs in NP or MD media (Figure 2.5 A, B). In contrast, no matrix from either ESC line 

produced substantial type I collagen (Figure 2.5 A). These cells, regardless of culture 

conditions, also produced matrix with different composition from the conventional 

matrices of 3T3 fibroblasts [15] which are enriched in fibronectin and also produce some 

type I collagen (Figure 2.5 A). These data show that more matrix is assembled in DE 

medium than in other differentiation media, which is supported by decellularization 

studies. After 7 days in culture, CCE ESC and 3T3 fibroblast cultures were decellularized, 

removing cellular but preserving matrix components [37]. Only matrices derived from 

3T3 fibroblasts and ESCs in DE medium remained on the substrates following 

decellularization (Figure 2.5 C). 
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Figure 2.5: Mouse ESC-derived ECM is distinct from 3T3 fibroblast-derived ECM 
and is affected by induction medium. Mouse ESCs (CCE and R1) and 3T3 fibroblasts 
were cultured for 7 days in pluripotency (PP), neural progenitor (NP), definitive 
endoderm (DE), mesoderm (MD), or 3T3 fibroblast medium. (A) A DOC-solubility assay 
was used to isolate the DOC-soluble (cell lysis) fraction from the DOC-insoluble 
extracellular matrix. Both fractions were separated by SDS-PAGE and blotted for 
GAPDH and extracellular matrix proteins, respectively (top). (B) The fold-change in 
expression of the indicated extracellular matrix protein was quantified relative to the 
pluripotency (PP) condition and the GAPDH content in the DOC-soluble fraction (right) 
(mean ± standard error from 3 independent samples). (C) The cell-derived extracellular 
matrices from each culture condition were decellularized and imaged by phase-contrast 
microscopy. Scale bar is 50 µm. * p < 0.05 as determined by ANOVA. 
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Figure 2.6: Mouse ESC differentiation is affected by composition of ECM substrate. 
Pluripotent mouse ESCs (CCE and R1) were cultured for up to 10 days on the indicated 
substrate in either neural progenitor (NP) or definitive endoderm (DE) differentiation 
medium. The fold-change in expression of neural progenitor (Pax6), mesoderm 
(Brachyury), definitive endoderm (Foxa2 and GATA4), and pluripotency (Oct4) markers 
were determined by quantitative PCR, relative to an initial population of pluripotent 
mouse ESCs at day 0 (mean ± standard error from 3 independent samples). * p < 0.05 as 
determined by ANOVA and is a comparison of gene expression on the culture substrates 
in the same induction medium. 
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both CCE and R1 cells, Oct4 expression decreased (Figure 2.6). NP medium was 

sufficient to induce up to a 2-fold increase in Pax6 mRNA expression and inhibit 

expression of mesoderm or endoderm lineage markers after 6 days of culture on ESC-

derived matrix (black data, Figure 2.6). On the other hand, DE medium inhibited Pax6 

and induced mesoderm and endoderm marker expression; the mesoderm marker 

Brachyury peaked at day 6 coincident with or followed by endoderm markers Foxa2 and 

GATA4 (green data, Figure 2.6). At least during a portion of the time course, Foxa2 and 

GATA4 were differentially expressed on ESC-derived matrix compared to on fibroblast-

derived matrix, suggesting that ECM differences may enhance DE differentiation. No 

detectable levels of mRNA were measured from decellularized ECMs prior to reseeding 

(data not shown), indicating that these results were not affected by residual mRNA 

transcript. 
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Figure 2.7: Laminin containing ECM promotes DE induction. 3T3 fibroblasts were 
grown for 7 days in fibroblast culture medium supplemented with up to 50 µg/mL mouse 
laminin-111 (Southern Biotech). (A) The DOC-insoluble extracellular matrix was 
separated by SDS-PAGE and blotted for laminin and fibronectin (left). Maximum 
intensity z-stack projections were created from confocal cross-sections of the 
immunostained decellularized ECM (fibronectin (green), laminin (red)) (right). Scale bar 
is 20 µm. (B) 3T3 fibroblast-derived ECMs, grown with the indicated concentration of 
exogenous mouse laminin-111, were decellularized and reseeded for up to 10 days with 
pluripotent mouse ESCs (CCE and R1) in either neural progenitor (NP) or definitive 
endoderm (DE) differentiation medium. The fold-change in expression of neural 
progenitor (Pax6), mesoderm (Brachyury), definitive endoderm (Foxa2 and GATA4), 
and pluripotency (Oct4) markers were determined by quantitative PCR, relative to an 
initial population of pluripotent mouse ESCs at day 0 (mean ± standard error from 3 
independent samples). (C) Immunofluorescent images of SOX17 (red) and DAPI (blue) 
stained nuclei were taken after CCEs and R1s has been differentiated on decellularized 
fibroblast-derived ECM for 6 days (left). Scale bar is 100 µm. The percentage of SOX17 
positive nuclei was quantified (>103 nuclei/group) (mean ± standard error) (right). (B) * p 
< 0.05 as determined by ANOVA and is a comparison of gene expression on the culture 
substrates in the same induction medium. (C) * p < 0.05 as determined by ANOVA. 
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To compare matrices that differ only in the presence or absence of a single ECM 

component, fibroblasts were grown in the presence of exogenous laminin-111, which was 

incorporated into the DOC-insoluble matrix in a dose-dependent manner (Figure 2.7 A). 

Naïve CCE and R1 ESCs cultured on decellularized, fibroblast-derived ECM with 

varying amounts of laminin again showed induction media-dependent expression of Pax6 

or Brachyury, Foxa2, and GATA4 in NP or DE induction medium, respectively. More 

specifically, a laminin dose-dependent increase in Foxa2 and GATA4 was observed after 

6 and 10 days for the R1 and CCE cell lines, respectively (Figure 2.7 B). R1 and CCE 

cells also showed a 2-fold laminin-dependent increase in the percentage of cell nuclei 

expressing the endoderm marker SOX17 after 6 or 10 days, respectively (Figure 2.7 C).  

 

Laminin-111 Enhances Endoderm Differentiation through α3-integrin mediated 

Signaling 

To understand how ECM-incorporated laminin might enhance DE differentiation, 

we considered three mechanisms: laminin-mediated Activin A sequestration, Activin A-

independent integrin signaling, and an Activin A-laminin feed-forward loop. First, 

decellularized fibroblast-derived ECM, grown with 0 to 50 µg/mL laminin-111, was 

exposed to Activin A-containing induction medium, either in presence or absence of CCE 

cells, to determine if the laminin-containing matrix was regulating the presentation of 

soluble cues as has been shown with FN [7]. The DOC-insoluble matrix fractions 

contained Activin A after 1 day only when CCE cells were reseeded onto the 

decellularized matrices; however, Activin A sequestration in the matrix was laminin-

independent (Figure 2.8 A), which suggests that laminin is not enhancing DE 
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differentiation through ECM-sequestration of Activin A. To assess whether laminin-

mediated integrin signaling induced DE differentiation independent of Activin A, R1 

cells were cultured on fibroblast-derived ECM with 50 µg/mL laminin-111 but in DE 

medium that did or did not contain Activin A. ESCs in DE medium on laminin-

containing matrix had an almost 2 orders of magnitude increase in Sox17 positive nuclei 

versus cells grown on the same substrate but in medium lacking Activin A (Figure 2.8 B). 

Cells exposed to Activin A but lacking laminin within their matrix showed ~2-fold less 

Sox 17 compared with cells plus Activin A and laminin, consistent with previous data 

(Figure 2.7 C) and indicating that laminin does not act independently of but rather in 

concert with Activin A. Since Activin A is a TGF-β family protein and stimulates FN 

production [6, 38], it is possible that Activin A signaling could be sufficient to increase 

endogenous laminin expression and drive DE marker expression. The matrix of R1 cells 

grown in the presence of exogenous Activin A contained more laminin-111 and similar 

amounts of fibronectin as matrix from cells grown without Activin A (Figure 2.8 C).  
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Figure 2.8: Laminin Enhances DE Induction through α3-integrin mediated 
signaling. (A) Decellularized 3T3-derived ECM, grown with the indicated concentration 
of exogenous mouse laminin-111, was incubated in DE induction medium, containing 
100 ng/mL Activin A, either in the presence (Yes) or absence (No) of mouse ESCs (CCE 
cell line) for the indicated number of days. The DOC-insoluble matrix was separated by 
SDS-PAGE and blotted for bound Activin A. (B) 3T3-derived ECMs, grown with the 
indicated concentration of exogenous laminin-111, were decellularized and reseeded for 
6 days with naïve mouse ESCs (R1 cell line) in either neural progenitor (NP) or definitive 
endoderm (DE) induction, with or without 100 ng/mL exogenous Activin A. 
Immunofluorescent images of SOX17 and DAPI stain nuclei were taken and the 
percentage of SOX17 positive nuclei was quantified (>103 nuclei/group) (mean ± 
standard error). (C) Mouse ESCs (R1 cell line) were grown for 7 days on a gelatin-coated 
substrate in DE induction medium, with or without 100 ng/mL Activin A. A DOC-
solubility assay was used to isolate the DOC-soluble cell lysis fraction from the DOC-
insoluble extracellular matrix. Both fractions were separated by SDS-PAGE and blotted 
for GAPDH and extracellular matrix proteins, respectively. (D) 3T3-derived ECMs, 
grown with the indicated concentration of exogenous laminin, were decellularized and 
reseeded for 6 days with naïve mouse ESCs (R1 cell line) in DE medium containing 
Activin A and the indicated integrin function-blocking antibodies. Immunofluorescent 
images of SOX17 and DAPI stained nuclei were taken and the percentage of SOX17 
positive nuclei was quantified (mean ± standard error). (E) Schematic of proposed feed-
forward mechanism in which Activin A enhances endogenous laminin expression and 
laminin-mediated alpha-3 integrin signaling enhances the DE induction efficiency of 
Activin A. * p < 0.05 as determined by ANOVA. 
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While Activin A enhanced matrix incorporation of endogenous laminin-111, its 

role in inducing DE marker expression could act via non-matrix mediated pathways. To 

examine whether the effects of Activin A on laminin-111 matrix induce DE marker 

expression as a result of integrin signaling, R1 cells were cultured in DE induction 

medium on fibroblast-derived ECM, with or without 50 µg/mL laminin-111, and also 

with function-blocking antibodies to disrupt common laminin receptors α6-integrin 

(GoH3 antibody [39]) or α3-integrin (Ralph 3.1 antibody [40, 41]) [42]. The laminin-111 

associated increase in Sox17 positive nuclei was not observed when the α3-integrin 

blocking antibody was included, either alone or in conjunction with an α6-integrin 

blocking antibody, despite the presence of Activin A (Figure 2.8 D). Together these data 

indicate that laminin-111 enhances DE differentiation through a feed-forward mechanism 

in which Activin A enhances endogenous laminin matrix production and laminin-

mediated α3-integrin signaling enhances the DE induction efficiency of Activin A 

(Figure 2.8 E).  

 

Discussion 

This study sought to determine the effects of stem cell derived matrix on mouse 

ESC differentiation. Fibronectin was found to inhibit pluripotency and correlate with 

definitive endoderm (DE) differentiation in embryoid bodies. In monolayer culture, 

mouse ESCs exposed to DE-inducing growth factors, i.e. Activin A and Wnt3a, 

assembled a DOC-insoluble matrix that contained more laminin-111 than the matrix 

derived from other ESC lineages. Laminin-111 was found to enhance Activin A-mediated 

DE differentiation and appeared to depend on α3β1-integrin signaling. 
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Our results suggest that conventional growth factor cocktails used to induce 

neural progenitors (NP) [26], mesoderm (MD) [27], and definitive endoderm lineages [3] 

each may be effective in part due to production of and signaling from the ECM; indeed 

we observed that each cocktail produced a distinct matrix. We also found that specific 

components, e.g. FN, are required for embryoid bodies to lose pluripotency marker 

expression and acquire lineage specific differentiation markers; in fact, there is a direct 

temporal correlation between the onset of FN production and the loss of Nanog as well as 

a spatial correlation between FN and the endoderm marker GATA4.  Human ESCs 

differentiated on a FN-coated substrate have shown improved DE differentiation in 

comparison to collagen and laminin substrates [21], which together suggests that the 

ECM may be an early regulator of cell fate by causing ESCs to exit pluripotency. 

Beyond pluripotency, ECM composition has also been suggested as a lineage-

specific regulator of differentiation by high throughput screening and tissue-specific 

matrix peptide coatings on planar substrates [21, 43, 44]. However using these defined 

ECM compositions is complicated by the matrix produced by ESCs themselves, which 

depends on the exogenous cues presented, i.e. serum proteins and growth factors. We 

found that maintaining pluripotency inhibited ECM assembly, but as most stem cell 

methods focus on differentiation, ESC-produced matrix is likely to complicate which 

differentiation pathways protocols employ, e.g. matrix- vs. growth factor-mediated. That 

said, ESC-produced matrix could be advantageous as it defines specific components 

likely to drive lineage-specific differentiation; indeed, we observed that ESCs exposed to 

Activin A and Wnt3a [3] produced an ECM that was distinct from other ESC-derived or 

fibroblast-derived ECM, which contained substantially less or completely lacked laminin, 
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respectively. Moreover in matrix that originally lacked laminin, e.g. fibroblast-derived 

ECM, ESCs still expressed Foxa2 and GATA4, likely because they produced the laminin 

that was not already present. On the other hand, substrates where laminin-111 was 

titrated into the matrix exhibited a dose-dependent expression of these markers. These 

data suggest that laminin is not only supportive of DE expression in the presence of 

Activin A and Wnt3a, but it can also augment growth factor signaling. Composition 

specific matrix has been implicated not just in differentiation but also in patterning; 

laminin-111 expression within embryoid bodies establishes a polarized basement 

membrane [45]. Progenitor cells also have been found to increase ECM production in 

response to TGF-β family proteins, including Activin A [6, 38, 46, 47], indicating that 

growth factor-induced matrix expression is likely conserved, though the cell response is 

context specific. 

Matrix production caused by induction medium can initiate integrin-mediated 

signaling, which may enhance cell fate changes brought on by growth factors. For 

example, we found that laminin incorporated into a fibroblast-derived ECM enhanced DE 

differentiation in the presence of DE induction medium, but that chronic treatment with 

an α3 integrin function blocking antibody prevented this response. Other laminin 

receptors, e.g. α6 integrin, did not exhibit the same blocking capabilities, though in 

addition to laminin-111 binding, both are receptors for other ECM proteins including 

fibronectin, collagen I, and thrombospondin [40, 42]. Integrin specific signaling also 

appears to extend to fate choices between visceral and definitive endoderm [14], 

suggesting that adhesion complex composition may play a larger role in matrix-mediated 

signaling than previously thought. We also noted that differentiation was not caused by 
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matrix sequestration of growth factors, and laminin-containing FN matrix in the absence 

of exogenous Activin A was insufficient to induce DE marker expression, and thus 

neither Activin A binding nor integrin-signaling alone were responsible for the improved 

differentiation observed on laminin-containing ECM. These results suggest that Activin 

A directs DE differentiation and laminin production and that laminin-mediated α3β1 

integrin signaling improves DE differentiation efficiency.  

These findings that ECM composition augments growth factor signaling fit into a 

larger body of work showing that stem cell differentiation is affected by ECM properties, 

including stiffness [48, 49], topography [50, 51] and ligand composition [21, 44]. These 

findings also demonstrate that defined ECM composition, regardless of whether it was 

initially presented to ESCs or is the result of subsequent matrix production, should be 

considered when evaluating differentiation protocols. 
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Introduction 

Early in development, embryonic stem cells (ESCs) migrate and form the 

definitive endoderm (DE) layer of trilaminar embryos. Such morphogenetic events 

require traction force-mediated cell migration and signaling from extracellular matrix 

(ECM) proteins, especially fibronectin (FN) [1–3]. Apart from facilitating cell movement, 

ECM is also likely a cue for directing cell fate since ESCs and progenitor cells are known 

to respond to a variety of matrix-associated signals which are presented in precise spatial 

and temporal patterns during development [4–6]. For example, mouse ESCs maintain 

pluripotency when cultured on soft ECM because they cannot exert significant contractile 

forces against the ECM [7], but upon application of external forces, ESCs lose 

pluripotency [8]. In concert with matrix forces, matrix composition also drives 

specification as FN localizes to mouse endoderm [9] and laminin-containing basement 

membrane forms between primitive ectoderm and endoderm layers [10]. In fact, β1-

integrin is required for endoderm differentiation [11] and its knockout results in 

embryonic lethality [12]. Together, this evidence highlights ECM physical and 

biochemical regulation of early development as well as its potential to guide ESC 

differentiation. Yet despite such evidence, protocols directing ESC differentiation have 

focused almost exclusively on soluble signaling. For example, Activin A, a TGF-β family 

protein, and Wnt3a are commonly added to ESC cultures to induce differentiation to DE 

[5, 13]. These soluble factor differentiation strategies likely benefit indirectly from ECM 

signaling since these signals direct ESCs to assemble lineage-specific ECM; for example, 

Activin A induces ESC assembly of FN and laminin-111 [14]. 
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Despite these efforts in both growth factor and ECM signaling, feedback 

mechanisms between soluble signals and matrix signaling are still poorly understood, 

especially those involving physical stimuli such as contractility. Therefore, we sought to 

understand how soluble factors commonly used to direct DE differentiation induce 

biophysical and biochemical changes in ESCs and their associated matrix. To do this, we 

employed a force sensitive FN matrix assay and examined whether the ECM changes 

induced by the soluble signals contributed to DE differentiation. Together, these data 

draw attention to the supportive feedback between soluble factor and matrix signaling 

and implicate ECM as a potential new tool for directing ESC fate.  

 

Materials and Methods 

Cell Culture 

All cell types were cultured at 37°C in an incubator containing 5% carbon dioxide. 

Mouse ESCs (CCE cell line, Stem Cell Technologies, [15]; R1 cell line, American Type 

Culture Collection, [16]) were maintained on gelatin-coated substrates in Dulbecco’s 

modified Eagle’s medium (DMEM) supplemented with 2mM L-glutamine, 1mM sodium 

pyruvate, 50 U/mL penicillin, 50 µg/mL streptomycin, 1mM non-essential amino acids, 

15% fetal bovine serum screened for mouse ESCs (Thermo Scientific), 100 µM 1-

thioglycerol and 103 U/mL leukemia inhibitory factor. Mouse ESCs were passaged as 

single cells upon reaching 80% confluence, about every 2 days, to maintain their 

pluripotent state. Mouse fibroblasts (NIH-3T3) were grown in DMEM containing 10% 

bovine calf serum (Thermo Scientific), 4mM L-glutamine, 1mM sodium pyruvate, 100 

U/mL penicillin, 100 µg/mL streptomycin and 0.25 µg/mL amphotericin B.  
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To induce definitive endoderm (DE) differentiation, ESCs (CCEs and R1s) were 

seeded as single cells at a density of 104 cells/cm2 in DE induction medium composed of 

1:1 Iscove's modified Dulbecco's medium and Ham’s F-12 nutrient mixture, 1% fetal 

clone II serum (Thermo Scientific), 2mM L-glutamine, 50 U/mL penicillin, 50 µg/mL 

streptomycin, 0.1% bovine serum albumin, 450 µM 1-thioglycerol, 100 ng/mL Activin A 

and 10 ng/mL Wnt3a. The non-muscle myosin II inhibitor, blebbistatin, was added to 

cultures at the indicated concentration to disrupt myosin activity and thereby inhibit ESC 

traction stresses. 

 

Integrin Blocking Antibodies 

To disrupt specific integrin-ECM interactions the following function-blocking 

antibodies were added to differentiation cultures: 10 µg/mL of GoH3 α6-integrin function 

blocking antibody (Beckman Coulter), 5 µg/mL of Ralph 3.1 α3-integrin function 

blocking antibody (Developmental Hybridoma Bank, Iowa City, IA), 6 µg/mL of BIIG2 

α5-integrin function blocking antibody (Developmental Hybridoma Bank, Iowa City, IA) 

or 50 µg/mL of a control rabbit IgG antibody. In addition to including blocking 

antibodies in differentiation medium during culture (which was replenished every 1-2 

days), ESCs in suspension were also incubated in differentiation medium containing the 

antibody at 37°C for 1 hour prior to seeding. 

 

Preparation of Förster Resonance Energy Transfer (FRET)-Fibronectin 

Fibronectin (FN) was isolated from human plasma using gelatin-sepharose 

binding and eluted with 6M urea. Isolated FN was concentrated to ~3 mg/ml using an 
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Amicon Ultra Centrifugal Filter (10 kDa NMWL) (Millipore), according to 

manufacturer’s instructions, and denatured for 15 minutes in 4 M guanidine 

hydrochloride (GdnHCl). Denatured FN was dual-labeled with Alexa Fluor 488 (donor) 

and Alexa Fluor 546 (acceptor) fluorophores, as previously described [17, 18]. Briefly, 

denatured FN was incubated with a 30-fold molar excess of Alexa Fluor 546 C5 

Maleimide (Life Technologies) for 2 hours to label cysteine residues within the III7 and 

III15 domains of FN.  The single-labeled FN was buffer exchanged into 0.1 M sodium 

bicarbonate pH 8.3 and separated from unreacted Alexa Fluor 546 fluorophores using a 

spin desalting column (Thermo Scientific), according to manufacturer’s instructions. The 

single-labeled FN was then incubated with a 40-fold molar excess of Alexa Fluor 488 

succinimidyl ester (Life Technologies) for 1 hour to label amine residues. Unreacted 

Alexa Fluor 488 fluorophores were removed using a spin desalting column and dual-

labeled FN was stored with 10% glycerol at -20 °C. The average number of acceptor and 

donor fluorophores per FN were determined using published extinction coefficients and 

the absorbance of the dual-labeled FN at 280, 498, and 556 nm. FRET-FN was prepared 

in two batches with an average of 8.8 donors and 3.2 acceptors (Figures 2.1, 2.3, 2.8) and 

7.3 donors and 3.3 acceptors (Figures 2.7, 2.9) per FN dimer. 
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Figure 3.1: Characterization of the FRET-FN probe. A) FRET-FN was denatured in 
0-4 M guanidine hydrochloride (GdnHcl) and the emission spectrum of the FRET-FN 
was measured by fluorescence spectroscopy when excited at 484 nm. B) The maximum 
intensity of the acceptor peak divided by the maximum intensity of the donor peak was 
quantified at each concentration of denaturant. C) Fibroblasts were grown for 6 days in 
fibroblast culture medium supplemented with 5 µg/ml FRET-FN and 45 µg/ml unlabeled 
fibronectin. Confocal z-stacks of the FRET-FN matrix were captured before and after 
matrix decellularization (right) and the average FRET intensity ratio of the matrix was 
quantified (Tukey Boxplots) (left). *p < 0.05. 
 

The emission spectrum of the dual-labeled FN was characterized in varying 

concentrations of denaturant by fluorescence spectroscopy using a Synergy 4 Microplate 

Reader (BioTek). Briefly, 100 µg/ml dual-labeled FN in PBS was denatured in 0 to 4 M 

guanidine hydrochloride (GdnHcl) and excited at 484 nm. The resulting emission 
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acceptor emission (~570 nm) to the maximum donor emission (~520 nm) was determined 

at each concentration of GdnHcl (Figure 3.1 B). 

 

Analysis of FRET-Fibronectin Images 

Images of the dual-labeled FN were acquired on a Zeiss LSM 780 Confocal 

Microscope and analyzed using a custom MATLAB script, as previously described [19]. 

Briefly, images were averaged with a 3 x 3 pixel sliding block and pericellular regions of 

DAPI stained cells were manually selected for analysis. The FRET ratio for each pixel 

within a selected region was calculated by dividing that pixel’s intensity in the acceptor 

image by its corresponding intensity in the donor image. FRET ratios less than 0.05 and 

greater than 1.0 were excluded from analysis. The mean FRET ratio within the selected 

regions was calculated for each group of cells and then averaged over all the groups in 

each condition.  

 

Preparation of Cell Culture Substrates 

Gelatin-coated substrates were prepared by incubating tissue culture plates with 

0.1% gelatin for 30 minutes. Fibrillar extracellular matrix was prepared from NIH-3T3 

mouse fibroblasts using an established protocol [20]. Briefly, 2e4 fibroblasts/cm2 were 

grown in fibroblast growth medium, supplemented with either 50 µg/mL unlabeled 

human fibronectin (FN) or 45 µg/mL unlabeled human fibronectin (FN) and 5 µg/mL 

FRET-FN for 6 days. 50 µg/mL mouse laminin-111 (Southern Biotech) was added to the 

fibroblast culture medium when indicated. After 6 days, fibroblast cultures were washed 

with PBS, wash buffer I (2 mM magnesium chloride, 2 mM EGTA, 100 mM sodium 
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phosphate, pH 9.6), incubated at 37°C for 15 minutes in lysis buffer (8 mM sodium 

phosphate, 1% NP-40, pH 9.6) and replaced with fresh lysis buffer for an additional 60 

minutes before final washes with wash buffer II (10 mM sodium phosphate, 300 mM 

potassium chloride, pH 7.5), PBS, and sterile water. 

 

Immunofluorescence Staining 

Cell cultures that underwent immunofluorescence staining were fixed with 3.7% 

formaldehyde for 20 minutes at room temperature. The cells were then incubated in a 

solution of 0.1% Triton X-100 and 5% goat serum in PBS for 30 minutes to permeabilize 

the cells and block non-specific binding. Samples were stained using AF1924 goat anti-

SOX17 polyclonal antibody (1:100; R&D Systems), D27F4 rabbit anti-phospho-SMAD2 

(1:200; Cell Signaling) and the appropriate Alexa dye- conjugated goat or donkey IgG 

(1:500). Cells were additionally labeled with Hoechst (1:2000) stain as indicated. 

Samples were examined by either a CARV or CARV II confocal microscope (BD 

Biosciences) mounted on a Nikon Eclipse TE2000-U microscope with IP Lab software or 

Nikon Ti-S microscope with Metamorph 7.6 software.  

 

Quantitative Polymerase Chain Reaction 

RNA was extracted from ESCs by Trizol-chloroform extraction according to 

manufacturer’s instructions and cDNA was prepared from 2 µg of RNA. Quantitative 

polymerase chain reaction was performed (45 cycles, 95°C for 15 seconds followed by 

60°C for 1 minute) using a Bio-Rad CFX384 Real-Time System, the primer sets in Table 

2.1, and the iQ SYBR Green Supermix. Data were analyzed by calculating quantities of 
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RNA based on a standard curve generated by a fibronectin plasmid. GAPDH was used to 

normalize data, which was plotted as a fold change from undifferentiated mouse ESCs. 

 

Table 3.1: List of PCR primer sequences.  

Gene  

(Accession #) 

Primer sequence  

GAPDH 

(NM_008084) 

FP: 5'-TCAACAGCAACTCCCACTCTTCCA-3' 

RP: 5'-ACCACCCTGTTGCTGTACCGTATT-3' 

Sox17 

(NM_011441.5) 

FP: 5'-CTCGCTGTAGAAGAGTGGCTTAGA-3' 

RP: 5'-GCAGCGGTATCACACTCAAACA-3' 

Fibronectin 

(NM_212482.1) 

FP: 5'- AGGCTTGAACCAACCTACGGATGA-3' 

RP: 5'- GCCTAAGCACTGGCACAACAGTTT-3' 

 

Deoxycholate-Solubility Assay 

A deoxycholate (DOC)-solubility assay was used to separate cell lysis from DOC-

insoluble extracellular matrix for western blot analysis, as described previously [21]. 

Cultured cells were washed with PBS and lysed with DOC lysis buffer (2% sodium 

deoxycholate, 20 mM Tris·Cl, 2 mM EDTA, 2mM PMSF, pH 8.8). The cell lysate was 

passed through a 27-G needle to reduce sample viscosity. The DOC-insoluble fraction 

was isolated by micro-centrifugation at 18,400 g for 20 minutes. The supernatant (cell 

lysis fraction) was removed; the DOC-insoluble fraction was washed once with fresh 

DOC lysis buffer, and then resuspended in SDS-solubilization buffer (4% SDS, 20 mM 

Tris·Cl, 2 mM EDTA, 2mM PMSF, pH 8.8).  

 



!

!

86!

Western Blotting 

Cells were lysed using mRIPA buffer [22] or underwent a DOC-solubility assay 

[21], as indicated. The protein concentrations of the samples were determined using a 

Pierce BCA Protein Assay kit (Thermo Scientific), according to manufacturers 

instructions. Equal protein amounts from each sample were separated by electrophoresis 

under reducing and denaturing conditions, transferred to a nitrocellulose membrane and 

immunoblotted using ab40759 rabbit anti-SMAD4 monoclonal antibody (1:103; Abcam), 

ab8245 mouse anti-GAPDH monoclonal antibody (1:104; Abcam), ab76498 rabbit anti-

SMAD7 antibody (1:103; Abcam), D27F4 rabbit anti-phospho-SMAD2 (1:103; Cell 

Signaling), D7G7 rabbit anti-SMAD2 (1:103; Cell Signaling), R457 rabbit anti-

fibronectin polyclonal antiserum (1:2000; [23]), or ab11575 rabbit anti-laminin-111 

polyclonal antibody (1:1000; raised against laminin from EHS basement membrane; 

Abcam) and the appropriate horseradish peroxidase-conjugated goat or donkey IgG 

(1:104). Western blots were developed with ECL substrate (Pierce) and the integrated 

densities of bands within the linear range of the film were analyzed using Image J. 

 

Fluorescence-Activated Cell Sorting Analysis (FACS) 

R1 ESCs grown for 5 days in DE induction medium and the indicated integrin 

function-blocking antibody were analyzed by flow cytometry for their expression of the 

indicated laminin-binding integrin. After washing in PBS, R1s were detached using a 5-

minute treatment of TrypLE. Cells were then incubated for 30 minutes at 4°C in FACS 

buffer (2.5 % donkey serum, 1 mM EDTA, 1% sodium azide in PBS) containing either 5 

µg/mL GoH3 rat anti-α6-integrin or 5 µg/mL Ralph 3.1 mouse anti-α3-integrin. After 
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washing in FACS buffer, the R1s were incubated for 30 minutes at 4°C in FACS buffer 

containing 5 µg/mL of the appropriate Alexa dye-conjugated goat or donkey IgG. R1s 

were centrifuged and washed before being resuspended for analysis in a FACScan 

cytometer (Becton Dickinson). Fluorescence was measured at 488 nm and data were 

gated by size to measure single cells.  

 

Statistical Analysis 

Statistical analyses were completed using Prism 5 (GraphPad Software, Inc.). 

Unpaired t-tests were used when comparing two groups. Differences among three or 

more groups were assessed by ANOVA with Tukey’s post hoc analysis to identify 

statistical differences when the p-value is less than 0.05. All data are presented as mean ± 

standard error of the mean (SEM). Experimental data are shown for experiments 

performed in triplicate. 

 

Results 

Traction Force Inhibition Prevents Definitive Endoderm Specification 

Undifferentiated ESCs exert low traction forces [7] but switch to a highly 

contractile state in order to migrate and differentiate into DE during gastrulation [1, 2]; 

these data suggest contraction occurs concurrently with differentiation and may 

contribute to lineage commitment signals. To examine whether traction forces are 

required for DE differentiation, mouse ESCs (CCEs and R1 lines) were grown on 

decellularized fibroblast-derived extracellular matrices (ECM) [24]. After 5 days of DE 

induction, the ESCs expressed the DE transcription factor, SOX17 (Figure 3.2 A; left). 
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However the addition of 10 µM blebbistatin, a non-muscle myosin II inhibitor, each day 

to DE media reduced SOX17 expression (Figure 3.2 A; right) by 4-fold, based on nuclear 

staining intensity (Figure 3.2 B). These data suggest that inhibition of traction forces is 

sufficient to prevent ESCs from undergoing DE differentiation in response to soluble 

signals. 

 

 

Figure 3.2: Traction forces are necessary for definitive endoderm specification. 
Mouse ESCs (CCE and R1) were grown on decellularized fibroblast-derived extracellular 
matrix in definitive endoderm induction medium, with or without 10 µM blebbistatin. A) 
Immunofluorescent images of SOX17 (green) and Hoechst (blue)-stained nuclei were 
taken after 5 days and B) the mean nuclear intensity of SOX17 was quantified. *p < 0.05. 
 

 

Figure 1
A

B

H
oechst, S

O
X

17

CCE

R1

Blebbistatin
- +

Blebbistatin:

CCE 

0

500

1000

1500

2000

- +

*
R1

0

500

1000

1500

2000

- +

*

So
x1

7 
In

te
ns

ity
 (a

.u
.)



!

!

89!

Traction Forces are Activated during Differentiation and Transiently Regulate TGF-β 

Signaling 

To evaluate whether DE induction medium activates traction forces, fibronectin 

(FN) matrix strain was monitored in decellularized fibroblast-derived ECM using a FN 

force-sensitive FRET probe (FRET-FN) [17, 19] where matrix strain is related to the 

FRET intensity ratio, i.e. the ratio of acceptor to donor fluorophore intensity. To ensure 

the FRET ratio was sensitive to FN unfolding, the FRET-FN probe was characterized in 

the chemical denaturant guanidine hydrochloride (GdnHcl) (Figure 3.1 A). The ratio of 

acceptor to donor peak emission decreased 2-fold over a 4 M change in GdnHCl (Figure 

3.1 B), indicating that the FRET-FN was sensitive to chemical denaturation. Fibroblasts 

grown in medium containing FRET-FN assembled the probe into the extracellular matrix 

(Figure 3.1 C; right), allowing measurements of matrix strain. Upon decellularization, the 

average FRET-FN intensity ratio increased (Figure 3.1 C; left), showing that the matrix 

was responsive to the removal of fibroblast forces and suitable for monitoring ESC 

contractility.  

To determine whether ESCs exert traction forces during pluripotency (PP) or DE 

induction, ESCs (CCE and R1 lines) were grown on decellularized FRET-FN matrices. 

During 5 days of DE or PP induction ESCs remodeled the matrix, affecting both its 

overall structure and its FRET intensity ratio (Figure 3.3 A). ESCs in DE induction 

medium assembled a thin fibrillar matrix, while R1s and CCEs in PP medium assembled 

thick FN fibers and punctate FN, respectively (Figure 3.3 A). Moreover, the FRET 

intensity ratio of the matrix in the DE condition was lower than in the PP condition or 

decellularized control (Figure 3.3 B), suggesting that the FN matrix was exposed to 
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greater strain during DE induction. Though these data indicate that DE induction causes 

ESCs to impart strain onto their matrix, they do not show whether the strain results from 

changes in ECM organization or from active cell traction forces. To address this, ESCs 

were grown on FRET-FN matrices for 5 days and then treated with 50 µM blebbistatin 

for one hour to inhibit active cell contractility. The cessation of traction forces reduced or 

eliminated differences in matrix strain between PP and DE cultures (Figure 3.3 C). 

Importantly, one-hour blebbistatin treatment did not affect Sox17 gene expression in 

comparison to untreated ESCs (Figure 3.3 D). Together these data suggest that traction 

forces are initially inhibited in the unspecified ESC state, but become activated upon DE 

differentiation. 
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Figure 3.3: Cell contractility is activated upon definitive endoderm induction. Mouse 
ESCs (CCE and R1) were grown in either definitive endoderm (DE) or pluripotency (PP) 
induction medium on decellularized fibroblast-derived extracellular matrix containing 
FRET fibronectin. A) Confocal z-stacks of the FRET fibronectin matrix were captured 
after 0 (No Cells) and 5 days of induction and B) the average FRET intensity ratio of the 
ESC associated matrix was quantified (Tukey Boxplots). ESCs were treated with 50 µM 
blebbistatin for 1 hour at the end of definitive endoderm or pluripotency induction and C) 
the average FRET intensity ratios of ESC associated matrix (Tukey Boxplots) and D) 
SOX17 gene expression were quantified. *p < 0.05. 
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Figure 3.4: SMAD2 phosphorylation in response to definitive endoderm induction 
medium. CCE and R1 ESCs were grown on decellularized fibroblast-derived 
extracellular matrix in definitive endoderm or pluripotency induction medium. Blots 
show cells that were lysed after 2 days and blotted for phospho-SMAD2, SMAD2, and 
GAPDH. 
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that alternate blebbistatin-insensitive signaling pathways may become activated after 2 

days of DE induction. 

 

Figure 3.5: Disruption of traction forces inhibits TGF-β signaling. R1 ESCs were 
grown on decellularized fibroblast-derived extracellular matrix in definitive endoderm 
induction medium with or without 10 µM blebbistatin. A) Blots show cells that were 
lysed after 2 days (left) as well as the supernatant (sup; center) and pull-down (pellet; 
right) fractions of SMAD4 immunoprecipitation. Blots are shown for phospho-SMAD2, 
SMAD4, and GAPDH. B) Immunofluorescent images of phospho-SMAD2 (green) and 
Hoechst (blue)-stained nuclei taken after 2 and 5 days are shown along with C) 
quantification of the mean nuclear intensity of phospho-SMAD2. D) Immunofluorescent 
images of Sox17 and Hoechst-stained nuclei were quantified after 5 days of the indicated 
blebbistatin treatment. *p < 0.05. 
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Figure 3.6: R1 ESCs initiate contractility after 2 days of definitive endoderm 
induction. R1 ESCs were grown in either definitive endoderm (DE) or pluripotency (PP) 
induction medium on decellularized fibroblast-derived extracellular matrix containing 
FRET fibronectin. Confocal z-stacks of the FRET fibronectin matrix were captured after 
2 days of induction (- Acute Bleb) and the average FRET intensity ratio of the ESC 
associated matrix was quantified (Tukey Boxplots). FRET intensity ratios of ESC 
associated matrix were quantified after the ESCs were treated with 50 µM blebbistatin for 
1 hour at the end of definitive endoderm or pluripotency induction (+ Acute Bleb). 

 

ECM Signaling Regulates Definitive Endoderm Induction and Contractility 

While fibronectin matrix is necessary for differentiation [3], recent reports 

suggest that specific laminin isoforms also promote DE differentiation [6, 14]. To 

understand how traction forces augment differentiation in more complex ECM, ESCs 
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be due, in part, to changes in ECM composition created by endogenous expression of 

laminin-111. 
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Figure 3.7: Extracellular matrix signaling regulates definitive endoderm induction 
and contractility. A) Mouse ESCs (CCE and R1) were grown in the indicated medium 
on decellularized fibroblast-derived matrices supplemented with FRET fibronectin and 
either 0 µg/ml (- Exogenous Laminin) or 50 µg/ml (+ Exogenous Laminin) mouse 
laminin-111. Equal amounts of DOC-insoluble extracellular matrix were blotted for 
laminin or fibronectin after 1 and 5 days of ESC culture. B) R1 ESC mean nuclear 
SOX17 staining intensity and C) average extracellular matrix FRET intensity ratios 
(Tukey Boxplots) were measured after 5 days of definitive endoderm induction in the 
presence or absence of the α5β1-integrin function blocking antibody BIIG2. *p < 0.05. 

 

We next cultured R1 ESCs with a α5β1-integrin function-blocking antibody on 

FRET-FN ECM containing laminin to inhibit FN signaling. After 5 days of DE induction, 

R1 ESCs exhibited a laminin-dependent increase in nuclear SOX17 staining in agreement 

with previous findings [6, 14]; α5β1-integrin inhibition reduced SOX17 expression 

independent of laminin (Figure 3.7 B). However, the FRET-FN intensity ratio was 

significantly higher for ESCs cultured on laminin-containing matrices, indicating a 

reduction in FN matrix strain (Figure 3.7 C). These data suggest that α5β1-integrin 
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signaling enhances DE differentiation but that DE cells preferentially bind laminin. Since 

the FRET sensor is only on FN, an integrin binding switch would result in an increase in 

FRET ratio. Though these data suggest preferential laminin binding, they do not show 

whether this is DE specific. To address this, ESCs were cultured on FRET-FN ECM with 

exogenous laminin. The laminin-dependent increase in FRET intensity ratio was 

observed in DE but not in PP conditions (Figure 3.8). However, unspecified ESCs may 

exert low traction forces even in the absence of laminin and so any laminin-induced 

reduction in FN matrix strain would be difficult to observe. 

 

 

Figure 3.8: Laminin effects on contractility are specific to definitive endoderm. After 
5 days in either definitive endoderm or pluripotency induction medium, the average 
FRET intensity ratios of ESC-associated matrix were quantified (Tukey Boxplots) for 
mouse ESCs (CCE and R1) grown on decellularized fibroblast-derived extracellular 
matrix containing FRET fibronectin and either 0 µg/ml (- laminin) or 50 µg/ml (+ 
laminin) exogenous laminin. *p < 0.05. 
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Laminin Regulates Differentiation and Contractility through α3β1-Integrin 

To understand how ESCs sense laminin, we examined whether function blocking 

antibodies for laminin-binding integrins, e.g. α6-integrin (GoH3 antibody [25]) or α3-

integrin (Ralph 3.1 [26, 27]), would affect DE differentiation and contractility. Inhibition 

of α3-integrin, either alone or with α6-integrin inhibition, reduced nuclear SOX17 

expression 4-fold (Figure 3.9 A). Blocking α3-integrin or both α3 and α6-integrin caused 

a decrease in the FRET-FN intensity ratio, indicating greater FN matrix strain and a shift 

in α5β1-integrin binding (Figure 3.9 B). By contrast, inhibition of the α6-integrin did not 

significantly alter SOX17 staining and had no effect on FN matrix strain (Figure 3.9 A,B). 

Taken together, these data indicate that DE cells primarily sense laminin via α3 but not 

α6-integrin, and its inhibition redistributes tractions from laminin to FN. Although these 

data suggest that α6-integrin inhibition does not prevent laminin sensing, it does not 

capture whether integrin expression changes occur when laminin-binding integrins are 

blocked. To address this, relative α6- and α3-integrin expression on R1 ESCs was 

examined by FACS during blocking. Inhibiting α6-integrin increased expression of α3-

integrin by 70% whereas α3-integrin inhibition did not affect the expression of α6-

integrin (Figure 3.10). These data suggest that the lack of response to the α6-integrin 

function-blocking antibody may be due in part to compensatory mechanisms that cause 

increased expression of α3-integrin.  
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Figure 3.9: Laminin-containing extracellular matrix (ECM) affects FRET-FN 
contractility and definitive endoderm induction through α3-integrin mediated 
signaling. R1 ESCs were grown on decellularized fibroblast-derived extracellular matrix 
with FRET-FN and 50 µg/ml exogenous mouse laminin. A) Nuclear SOX17 staining 
intensity was quantified after 5 days for ESCs in definitive endoderm induction medium 
containing the indicated integrin function-blocking antibodies. B) FRET intensity ratios 
of ESC-associated matrix (Tukey Boxplots) was quantified after 5 days for R1 ESCs in 
the indicated culture conditions. C) Cells were lysed after 2 and 5 days and equal 
amounts of cell lysis were separated by SDS-PAGE and blotted with phospho-SMAD2, 
SMAD2, SMAD7 and GAPDH antibodies. D) Nuclear SOX17 staining intensity was 
quantified after 5 days of DE induction with (+) or without (-) 10 µM blebbistatin. E) 
Cells were lysed after 5 days and blotted with phospho-SMAD2, SMAD2, SMAD7 and 
GAPDH antibodies. *p < 0.05. 
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Figure 3.10: Laminin-binding integrin expression in response to blocking antibodies. 
A) FACS quantification is shown for the percentages of α3-integrin high and α6-integrin 
high ESCs in the presence of the indicated blocking antibodies. B) Mouse ESCs labeled 
without a primary antibody for the indicated integrin (black line) were used to set the 
AF488High threshold. These data were obtained from mouse ESCs (R1) were grown in 
definitive endoderm induction medium on decellularized fibroblast-derived extracellular 
matrix with FRET-FN and 50 µg/ml exogenous laminin. *p < 0.05. 

 

Since tractions regulated TGF-β signaling and inhibition of α3-integrin shifted 

traction forces from laminin to FN, we next examined the extent that α3-integrin 

influenced TGF-β signaling in differentiating R1 ESCs. Loss of α3-integrin increases 

expression of the TGF-β inhibitor SMAD7 [28, 29], and so α3-integrin was inhibited in 

differentiating R1 ESCs on matrices with exogenous laminin. α3-integrin inhibition 

increased SMAD7 and decreased phospho-SMAD2 after 5 days but not after 2 days 

(Figure 3.9 C). These data suggest that α3-integrin signaling may prevent accumulation 

of SMAD7, a TGF-β pathway inhibitor, which is expressed in response to prolonged 

Activin A treatment. R1 ESCs treated with 10 µM blebbistatin on laminin-containing 

ECM for 5 days showed inhibited Sox17 expression (Figure 3.9 D), but did not show 

altered levels of SMAD7 or phopho-SMAD2 (Figure 3.9 E). Taken together, these data 
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indicate that cell traction forces and α3-integrin promote DE differentiation through 

independent mechanisms that enhance Activin A mediated TGF-β signaling. 

 

Discussion 

Data presented here examined how soluble signals that induce definitive 

endoderm (DE) specification, i.e. Activin A and Wnt3a, regulate biophysical changes in 

ESCs and their associated ECM. DE induction activated cell tractions (Figure 3.11, 

center) and caused sensitivity to extracellular laminin. Both these changes were 

supportive of TGF-β signaling, which was necessary to achieve optimal DE induction. 

These data support a signaling model where the induction of DE depends on the force-

sensitive localization of phospho-SMAD2 (Figure 3.11, left), which is regulated in 

parallel by laminin-sensitive SMAD7 inhibition of SMAD2 phosphorylation (Figure 3.11, 

right). 
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Figure 3.11: Model for α3-integrin and traction force signaling during definitive 
endoderm differentiation. During definitive endoderm differentiation Activin A binds 
to TGF-β receptors, resulting in the activation of α5β1-integrin mediated contractility and 
phosphorylation of SMAD2/3. SMAD7, a competitive inhibitor of SMAD2/3 
phosphorylation, and α5β1-integrin are inhibited by α3β1-integrin mediated laminin 
sensing. Treatment with blebbistatin, an inhibitor of myosin-activity and therefore 
traction forces, prevents accumulation of the SMAD2/3/4 complex within the nucleus. 
 

Traction-sensitive differentiation 

Consistent with ESCs on synthetic hydrogels with passive [7] or actively-applied 

forces [8], these results indicate that to differentiate, ESCs must transition from a low 

traction, pluripotent state to a primed state with active cell-matrix contractility. Using 

deformation-sensitive FRET fibronectin matrices [19], our result of force-sensitive 

phenotype changes in ESCs appear consistent with the epithelial-mesenchymal transition 

(EMT) that ESCs undergo during gastrulation where forces increase to allow motility 

[30]. While traction force inhibition maintains pluripotency [7], these data present the 
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first demonstration that traction force activation is required for DE differentiation on a 

fibrillar ECM. Together with EMT observations, these data suggest a more general role 

for traction-mediated loss of pluripotency on fibrillar matrix.  

Specifically for the transition from ESCs to DE, we found that inhibiting tractions 

prevented DE marker expression in response to Activin A by interfering with nuclear 

accumulation of phospho-SMAD2 (Figure 3.11, left). Since TGF-β and Wnt-signaling 

are known promoters of EMT [30, 31], this result suggests that regulatory feedback 

similar to EMT, e.g. the activation of tractions, promotes the signaling pathways that 

initiated transition. These data add TGF-β signaling to a growing list of signaling 

pathways (e.g. Src signaling [32], Src-independent Rac activation [33]) that are regulated 

by a combination of mechanical and chemical cues [34]. However, it is still unclear if 

other early embryonic lineages, including the previously mentioned EMT [30], which 

also activate traction forces use similar phosphorylation and nuclear translocation as 

mechanisms to direct cell fate. Several other mechanosensitive signaling mechanisms 

have been proposed including Rho/ROCK, stretch activated channels, and force-induced 

conformational changes [35], and all of these methods could induce changes similar to 

what was observed here. In fact, it is known that adult stem cells are force sensitive [36], 

as with ESCs here, but use nuclear- [37, 38] and focal adhesion-based sensors [39]. These 

data argue for careful stem cell type specific observations rather than more general 

characterizations. 

 

Laminin modulation of contractile signaling 
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Integrin-specific traction force activation during DE differentiation suggests that 

ESCs may sense the properties of their ECM using forces transmitted through integrins. 

Indeed, we and others have shown that the ECM proteins fibronectin and laminin 

positively regulate DE induction [6, 14]. Here we show that laminin modulates integrin 

adhesions and tractions separately from FN, possibly due to preferential binding. More 

specifically, data has suggested that laminin-binding α3β1-integrin can act as a trans-

dominant inhibitor of fibronectin and collagen binding integrins [40]. Indeed we found 

that inhibition of α3β1-integrin increased FN matrix strain and reversed the laminin-

dependent improvement in DE differentiation. However underlying these changes are 

observations that α3-integrin loss leads to increased SMAD7 expression, which is an 

inhibitor of the TGF-β pathway [28, 29]. We found that inhibition of α3-integrin 

increased ESCs’ SMAD7 expression and disrupted their ability to differentiate into DE 

through SMAD7 inhibition of Activin A signaling. This then interfered with traction-

mediated phosphorylation and translocation of SMAD2 (Figure 3.11, right). Other 

integrin-associated proteins, such as Kindlin and Integrin-Linked Kinase, have been 

proposed as regulators of TGF-β signaling [41, 42], suggesting that parallel integrin-

signaling pathways could also be regulating DE induction. Together, these results suggest 

that integrin-signaling may regulate soluble signaling pathways throughout development 

and could be an important tool for directing ESC differentiation.  

The findings that traction forces and ECM proteins can regulate growth factor 

signaling is consistent with reports that stem cell fate can be directed by cell tractions [43, 

44] and ECM properties, including stiffness [18, 45], and ligand composition [46, 47]. 

Together, these results demonstrate that ECM signaling and soluble factor signaling can 
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be co-regulated and that the properties of culture substrates should be carefully 

considered when designing ESC differentiation protocols. 
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Chapter 4 

 
 
 
 
 
 
The Role of the Extracellular Matrix in 

Early Development 
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Introduction 

 In the previous chapters I have examined how extracellular matrix regulates 

maintenance of pluripotency and differentiation in mouse embryonic stem cells. Chapter 

2 identified fibronectin as a key extracellular matrix component that is required for loss 

of pluripotency in embryoid bodies. We then found that growth factor cocktails used to 

induce definitive endoderm, mesoderm, and neural progenitor differentiation each cue 

embryonic stem cells to assemble lineage-specific extracellular matrix. Finally laminin-

111 was identified as a critical component of definitive endoderm-derived extracellular 

matrix with the ability to dose-dependently improve endoderm induction efficiency. 

Although it was suggested that α3β1-integrin was required for laminin to have this effect, 

no detailed mechanism was proposed. 

 Chapter 3 focused on mechanisms embryonic stem cells employ to sense 

extracellular matrix, with specific emphasis on traction forces and integrin-signaling. 

This work demonstrated that laminin improves definitive endoderm induction by 

regulating inhibitors of the TGF-β signaling pathway. Traction forces were specifically 

activated during definitive endoderm induction and preventing cell contractility inhibited 

definitive endoderm induction without affecting laminin sensing. Together, this thesis has 

revealed that extracellular matrix may direct cell fate by regulating the activity of 

canonical growth factor signaling pathways. 
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The Role of Fibronectin in Loss of Pluripotency 

 In Chapter 2 we showed that fibronectin matrix assembly is required for loss of 

pluripotency marker expression in embryoid bodies. Specifically, when all sources of 

fibronectin (media and endogenous production) were blocked, embryonic stem cells, 

grown in conditions that normally promote spontaneous differentiation, continued to 

express the pluripotency marker, Nanog. In fact, differentiation makers for all 3 germ 

layers were inhibited when the embryoid bodies were grown without fibronectin, 

demonstrating that fibronectin is required for differentiation to all lineages. Inhibition of 

α5β1-integrin was sufficient to recapitulate the fibronectin-null phenotype, strongly 

suggesting that other fibronectin binding integrins (e.g. αVβ3-integrin) are not sufficient 

for fibronectin sensing. Mouse embryos lacking fibronectin have early defects in 

mesoderm, neural tube and vascular development [1]. However, despite these defects 

fibronectin-null embryos do implant and initiate differentiation. This apparent 

contradiction with the findings of Chapter 2 may be explained by the presence of 

maternal decidual fibronectin, which is abundant at the site of implantation [1]. 

 Upon differentiation, embryoid bodies displayed a temporal and spatial 

correlation between fibronectin and the definitive endoderm marker, GATA4. Inhibition 

of fibronectin matrix assembly disrupted this organization, but did not prevent increases 

in GATA4 expression over time. Fibronectin possesses cryptic binding sites that become 

accessible upon matrix assembly [2]. Taken together, these findings suggest that soluble 

fibronectin is sufficient for differentiation, but an assembled fibronectin matrix may play 

an additional in organizing the early embryo though cryptic binding domains. 
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Induction Media as a Stimulus for Lineage-Specific Extracellular Matrix 

The spatial correlation between GATA4 and fibronectin suggested that there 

might be lineage specific differences in extracellular matrix expression. Indeed we found 

that induction media used to induce definitive endoderm, mesoderm, or neural progenitor 

differentiation caused embryonic stem cells to assemble extracellular matrix with 

different amount of fibronectin and laminin-111. The most amount of matrix was 

produced by embryonic stem cells exposed to definitive endoderm induction medium and 

so we hypothesized that matrix proteins might play a crucial role in endoderm 

specification. Specifically, definitive endoderm induction medium substantially increased 

the assembly of laminin-111 into the cell-derived extracellular matrix. In retrospect, it 

seems unsurprising that definitive endoderm induction media, which includes Activin A 

(a TGF-β family growth factor), would induce the most matrix assembly since TGF-β 

signaling is known to induce extracellular matrix expression in a variety of contexts [3–6]. 

Nevertheless, our result shows that the effects of TGF-β signaling on matrix expression 

are conserved even in early development.  

 

Laminin Dose-Dependently Improves Definitive Endoderm Induction 

 The substantial increase in laminin-111 assembly in mouse embryonic stem cells 

undergoing definitive endoderm differentiation suggested that laminin might be playing a 

signaling role in inducing endoderm specification. To test this hypothesis, we needed to 

develop a platform wherein the effects of single matrix components could be examined in 

the context of a complex cell-derived extracellular matrix. Mouse 3T3 fibroblasts became 
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the basis for such a platform because under normal culture conditions, these cells 

assemble a simple fibrillar matrix that is composed mostly of fibronectin and contains no 

laminin. However, when laminin was added exogenously to the fibroblast culture 

medium, the cells incorporated the laminin into their cell-derived extracellular matrix in a 

dose-dependent manner. The laminin remained in the extracellular matrix even after the 

fibroblasts were removed by mild-detergent decellularization and so this approach 

yielded a cell-derived scaffold with a controllable amount of laminin. As a side note, this 

platform may provide an opportunity for others to test the effects of specific matrix 

components in the context of a cell-derived matrix. The system only requires that the 

matrix donor cells (3T3 fibroblasts in my case) do not express the matrix protein of 

interest, but do assemble it into their matrix if it is available in the culture medium. Based 

on my work, I believe that the system described here (using 3T3 fibroblasts) could easily 

be adapted to testing the effects of many different laminin and collagen isoforms. 

Whether this system could be adapted for other matrix proteins remains to be determined. 

 Once the platform was developed, we were able to show a laminin-111 dose-

dependent improvement in definitive endoderm differentiation. Interestingly, laminin had 

no ability to improve definitive endoderm differentiation in the absence of the appropriate 

induction medium, suggesting that integrin signaling was not sufficient to direct 

differentiation in the absence of supportive soluble signals. However, we showed that the 

effects of laminin in the presence of induction medium depended on α3β1-integrin 

activity and that other laminin-biding integrins (e.g. α6β1-integrin) could not compensate 

when α3β1-intergrin was blocked. Interestingly, Higuchi et al. has shown that a different 
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laminin isoform (laminin-511) can also enhance definitive endoderm differentiation and 

that these effects depended on β1-integrin activity [7]. Since laminin-integrin specificity 

is largely determined by the α chain of the heterotrimer [8], it is possible that Higuchi et 

al. are describing a different mechanism than what we observed in chapter 2 or that the 

α5- and α1-laminin chains bind similarly to α3β1-intergrin. 

 

Laminin Enhances Definitive Endoderm Induction by Regulating TGF-β signaling 

 In Chapter 3 we described a more complete mechanism for how extracellular 

laminin was enhancing definitive endoderm differentiation. In agreement with the 

findings of Chapter 2, we again showed that α3β1-intergrin was necessary for the effects 

of laminin on endoderm differentiation. A hint for the mechanism of action came from 

Reynolds et al. who found that impaired wound healing in α3-integrin knockout mice was 

due to inhibited TGF-β signaling [9]. Specifically, they found that mouse keratinocytes 

missing α3-integrin overexpressed SMAD7, a protein that competitively inhibits 

SMAD2/3 phosphorylation [10]. As mentioned above, Activin A, a major constituent of 

definitive endoderm induction medium, is a TGF-β family protein and relies on 

SMAD2/3 phosphorylation for signaling. Therefore we hypothesized that laminin binding 

to α3β1-intergrin could inhibit SMAD7 expression, thereby enhancing Activin-A 

mediated signaling. Indeed we found that blocking α3-integrin caused an increase in 

SMAD7 levels and a decrease in the amount of phosphorylated SMAD2. Interestingly, 

adding blebbistatin (a myosin inhibitor) did not affect SMAD7 levels, indicating that 

actin-myosin contractility was not required for laminin-sensing by α3β1-intergrin. 
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Together, these findings illustrate how crosstalk between soluble factor and extracellular 

matrix signaling can regulate cell fate.  

 

Traction Forces are Activated During Definitive Endoderm Induction 

 Chapter 3 also examined whether cell contractility (i.e. traction forces) could 

regulate definitive endoderm induction. Chowdhury et al. had showed that unspecified 

embryonic stem cells did not exert substantial traction stresses and that this was 

necessary for maintenance of pluripotency [11]. We built on these observations in our 

system by examining whether active contractility was important for differentiation. Using 

a fibronectin fluorescence resonance energy transfer probe [12, 13], we showed that 

embryonic stem cells in definitive endoderm induction medium strain their underlying 

fibronectin matrix more than pluripotent embryonic stem cells. We concluded that this 

was due to active actin-myosin contractility because the addition of blebbistatin (a 

myosin inhibitor) eliminated or reduced the differences in fibronectin matrix strain. 

Blocking α5β1-integrin prevented the embryonic stem cells from exerting traction forces 

onto the extracellular matrix. Thus α5β1-integrin appears to be essential for both 

differentiation and matrix remodeling. 

Interestingly, we observed that embryonic stem cells activated traction forces 

early during definitive endoderm induction (day 2), before we normally observe GATA4 

or SOX17 expression. In fact, embryonic stem cells differentiated in medium containing 

only serum still activated traction forces, albeit to a lesser extent than those grown in 
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definitive endoderm medium. Together, this suggests that withdrawal of leukemia 

inhibitory factor, which maintains pluripotency, may be sufficient to initiate contractility 

and prime embryonic stem cells for differentiation. If this is true, it is possible that 

traction forces might be important for the initial sensing of the soluble factors present in 

definitive endoderm induction medium. 

 

Inhibition of Traction Forces Prevents Definitive Endoderm Differentiation 

 To test whether traction forces could regulate endoderm specification, we 

differentiated embryonic stem cells in definitive endoderm induction medium 

supplemented with blebbistatin. Myosin inhibition during the first two days of 

differentiation was sufficient to prevent expression of SOX17 at day 5. This result 

supports the hypothesis that traction forces are important for early sensing of the soluble 

factors present in definitive endoderm medium. 

 To test whether traction forces could indeed regulate growth factor signaling, we 

examined how TGF-β signaling was affected by blebbistatin. Surprisingly, inhibition of 

myosin activity did not prevent phosphorylation of SMAD2/3 or its association with 

SMAD4. Instead, blebbistatin treatment inhibited the ability for the SMAD2/3/4 complex 

to be transported to the nucleus. Without nuclear localization of SMAD2/3/4, the Activin 

A present in definitive endoderm induction medium cannot affect gene expression, 

thereby preventing differentiation. Interestingly, Wang et al. have described a similar 

phenomenon where inhibition of myosin activity prevents BMP signaling [14]. Together, 
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these results point to a feedback system between the contractile forces cells use to sense 

their extracellular environment and the signaling pathways that direct cell fate. 
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