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Aditya Kumar 
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Professor Adam J. Engler, Chair 

 

 

Cell behavior is controlled not only by chemical signals but also by mechanical 

cues from their environment. Rather than being passive agents, cells sense these forces 

and in turn transmit forces back to remodel the environment. A number of disease 

processes, such as cancer and heart disease, arise in part due to an imbalance in force 

sensing and production. This dissertation aims to utilize materials to induce or measure 

cellular forces in healthy and disease conditions for improved disease modeling. 

Specifically, we utilized a methacrylated hyaluronic acid (MeHA) hydrogel that can 
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dynamically stiffen in the presence of cells to recapitulate fibrotic remodeling associated 

with breast cancer progression and cardiac remodeling post infarction.  

Mammary epithelial cells (MECs) form and remain as polarized acini but begin to 

decompose and resemble mesenchymal morphology upon matrix stiffening. The 

transcription factor Twist, transforming growth factor β (TGFβ), and YAP activation 

appeared to modulate stiffness-mediated signaling; when stiffness-mediated signals were 

blocked, collective MEC transformation was reduced in favor of single MECs 

transforming and migrating away from acini. These data indicates a more complex 

interplay of time-dependent stiffness signaling, acinar structure, and soluble cues that 

regulate MEC transformation than previous models suggest. 

We next examined how the non-coding 9p21 gene locus regulates cardiac 

phenotypes associated with fibrotic remodeling. Induced pluripotent stem cell-derived 

cardiomyocytes (CMs) from patients homozygous for the risk (R/R) or non-risk (N/N) 

9p21.3 locus were cultured on a methacrylated hyaluronic acid hydrogel capable of 

mimicking cardiac fibrotic stiffening. While CMs contracted synchronously in 

physiological niche independent of genotype, only R/R CMs exhibited asynchronous 

contractions due to a loss of connexin 43 expression after stiffening. Locus deletion was 

sufficient to prevent asynchronous contraction by maintaining gap junctions, 

demonstrating that stem cell technology can be extended beyond modeling of solely 

genetic disease to include modeling of acquired disease in response to changing 

environmental conditions. 

In addition to the discoveries made with these studies, the methodology utilized 

here has broad applicability to a number of different diseases, highlighting the value of 
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understanding the role of force induction and generation on cell behavior in the context of 

disease.  



1 

Chapter 1. 

Understanding the extracellular forces 

present during disease and development 

1.1 Abstract 

During disease and development, cells interpret signals from their 

microenvironment while simultaneously modifying the niche through secreting factors 

and exerting mechanical forces. Many soluble cell cues have been determined over the 

past century, but in the past decade, our molecular understanding of mechanobiology has 

advanced to explain how passive and active forces induce similar signaling cascades that 

drive cell responses such as proliferation, differentiation, migration, or death. 

Improvements in materials and biophysical tools that assess function have improved our 

understanding of these cascades. Here we summarize these advances and offer 

perspective on on-going challenges. 

1.2 Introduction 

Disease and development, both associated with remarkable tissue and cellular 

remodeling, occur in part due to cellular response from external signals. Although the 

soluble cues that regulate this response have been extensively studied, the roles that 

physical cues play are less well understood, largely due to the limited availability of 

mechanical models that recapitulates the dynamic changes in vivo.  As cells pull on their 
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niche (defined here as the cellular environment), for example when they migrate, they 

generate contractions that displace the extracellular matrix (ECM) to which they 

adhere.
1,2

 Such cues can be considered „active‟ and, by definition, they change over time. 

Conversely, physical cues can also be passive, by exerting time-independent influence on 

cell behaviors through matrix stiffness, porosity, and topography. The importance of 

physical cues has been demonstrated by the observation that their removal arrests 

embryogenesis. 
3,4

 Thus, whereas appropriate spatial and temporal presentation manner of 

cues (whether passive or active) drive proper development and healthy function, 

improper presentation of cues can drive improper development and disease. Moreover, 

there is an interplay between active and passive physical cues
5
, and a better 

understanding of this relationship is necessary to understand how mechanical forces drive 

disease and development. Regardless of their presentation, physical cues must always 

exist in equilibrium
6
 but can be combined with other inputs, such as chemical gradients. 

As illustrated in Figure 1, a cell must integrate all these cues to develop a single response 

or output – such as proliferation, differentiation, migration or death.   

 

Figure 1.1. The cell as a mathematical integrator 

A cell can integrate several input types to result in an output that is the (often amplified) summation of all 

cues it receives. Representative inputs and outputs are shown for a generic stem cell during development. 

Such cues can be chemical (e.g. soluble or cell surface signaling molecules) or physical - involving the 

generation or modification of intra- or inter-cellular forces.  
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Since the first identification of physical interactions between the niche and cells, 

much of the initial focus of mechanobiology research as a field was on understanding cell 

sensitivities to their niche, both active and passive. However over the past decade, the 

field has become increasingly influenced by molecular level analyses to understand how 

physical cues induce specific intracellular signaling cascades to bring about changes in 

cellular behavior. Thus in this review, we first present an overview of the different kinds 

of active and passive physical cues that can influence cell behavior. Next, we discuss the 

methods that can be used to induce such forces. We then provide a careful discussion of 

the signaling mechanisms that respond to these inputs, and of our current understanding 

of how biophysical signals can be converted to biochemical ones. We conclude with a 

perspective on the on-going challenges in medicine for which a force-based approach can 

be of utility. 
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Figure 1.2. Externally-applied and biomaterial-induced forces 

Forces can be applied to cells using multiple experimental techniques. (A) Magnetic Twisting Cytometry 

can locally apply forces to cells via twisting a bead on the cell‟s surface. (B) Substrate deformations can be 

used to modulate cell response by applying forces dynamically through cyclic stretching, and (C) by 

applying fluidic shear to cell surface. Separately, (D) biomaterials can also be used to apply forces to cells 

by varying substrate stiffness. (E) The adhesive area to which a cell will attach and spreading can affect a 

cell‟s ability to contract against that surface. When multiple cells are patterned together, their intra-cellular 

forces must balance the adjoining cell‟s forces, which are transmitted across the cell-cell junction.  (F) 

Biomaterials can also have temporal and spatial gradients. For instance, the thickness of the biomaterial can 

be changed as a function of location. There can also be temporal changes such as dynamic stiffening where 

the substrate modulus is changed during the culture process. Finally, biomaterials can be fabricated with 

gradients in crosslinking density changing their presentation as a function of location. (G) While the other 

methods use continuous surfaces, micropillars of varying height effectively change surface rigidity i.e. the 

longer the post, the softer apparent rigidity, to affect a change in cell behavior. Surfaces can still be actively 

modulated through the addition of magnetic wires within the posts. 

1.3 “Inputs” and “Outputs”: physical cues and their 

influence on cell behaviors 

The past decade has observed a wealth of investigation into the effects of active 

and passive forces on cells using a variety of methods, as illustrated in Figure 2. For 

illustrative purposes, we have grouped these methods in broad categories including 

externally-applied, biomaterial-induced, and cell-induced forces. In the following 

sections, we describe specific applications of these techniques and methods to investigate 
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the effect of active and passive forces (the „inputs‟ to the system) on cell responses (the 

„outputs‟).  

1.3.1 Externally-applied forces as inputs that regulate cellular responses 

The most obvious developmental process in which forces play a role is 

morphogenesis. This requires cells and tissues to undergo a number of critical 

deformations, such as twisting, bending, and stretching against their environment. These 

deformations are made possible by a number of forces that are produced by cells directly 

or indirectly. One such example is cardiac looping during heart development, in which 

cells bend, twist, and stretch the straight heart tube while pressure gradients caused by 

global contraction asymmetrically increase tube stiffness, prompting the tube to bend.
7
 

Whereas the appropriate presentation of forces can drive development, aberrant forces 

can induce disease. Changes in ECM mechanical tension can result in altered stretch, 

inducing increased ECM production by activated fibroblasts.
8
 This in turn induces ECM 

stiffening that can alter cell function, such as reduced cardiomyocyte contractility
9
, and 

ultimately lead to disease, e.g. heart failure.
10,11

 Here, we consider three main types of 

externally-applied force: twisting, cyclic stretching or strain, and shear and discuss how 

they can be induced (physiologically and experimentally) and measured, as well as their 

functional consequences. 

Twisting can be both induced and measured by magnetic twisting cytometry 

(MTC, Figure 2A), a torque-based deformation method whereby a magnetic field is 

applied to a bead attached to cell(s).
12

 The torque experienced by cell(s) can induce 

changes in behavior, similar to those experienced during disease and development. For 

example, embedding of paramagnetic beads into embryoid body (EB) culture, and long-
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term application force can push embryonic stem cells (ESCs) into contractile fates such 

as cardiomyocytes or smooth muscle cells.
13

 As well as its use in applying long-term 

external force stimulation, MTC has also been used to help measure intrinsic properties, 

e.g. cell stiffness, via a short-term application of force and subsequent measurement of 

cell‟s deformation from that force.
12

 Whereas mouse ESCs do not stiffen when a force is 

briefly applied to the paramagnetic particle
14

, adult human mesenchymal stem cells 

(MSCs) do exhibit a stiffening response when cultured on hydrogels of different stiffness, 

and this response drives differentiation into osteoblasts versus adipocytes independent of 

induction method.
15

 MTC can also be utilized to probe specific mechanosensitive 

proteins and observe the subsequent cell response. For example, to model the effects of 

localized artery wall stiffening due to aging or diseases such as atherosclerosis on cell-

cell junctions, beads capable of binding to vascular endothelial cadherin were utilized to 

provide direct mechanical stimulation. This resulted in significant endothelial cell 

cytoskeletal remodeling and increased permeability of endothelial cell monolayer, 

illustrating one mechanism that can link mechanical changes to vessel wall integrity.
16

  

Cyclic stretching or strain is a second force „input‟ to which cells respond. Cells 

are seeded on a deformable membrane and subjected to periodic strain to mimic the 

intermittent stretching (Figure 2B) that occurs in vivo, e.g. in the beating heart or blood 

vessels. Stretch can occur in uni-, bi-, or equibi-axial (where cells are stretched in a 

manner such that they are confined to regions of homogenous strain in both) directions. 

Unlike MTC and depending on the cell type and niche context, cyclic stretching can 

modulate cell response, such as the balance of self-renewal and differentiation for stem 

cells. For example, cyclic strain induces increased proliferation for MSCs but reduces it 
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for adipose-derived stem cells (ASCs).
17,18

 As with other actively applied forces, cyclic 

strain also induces ESC differentiation into cardiomyocytes and vascular smooth muscle 

cells, improves maturity, and aligns cells along the direction of stretch.
19,20

 This behavior 

mirrors in vivo behavior, where cyclic strain induced by blood flow contributes to cell 

alignment along the direction of stretch.
21

 In the case of disease, reduced or excessive 

stretch can induce activation of fibroblasts. For example, during acute myocardial 

infarction, cardiomyocytes in the infarct region cease to contract, reducing stretch; on the 

other hand, excessive hypertrophy post infarction can increase stretch.
22

 Increased stretch 

has been shown to activate mechanosensitive proteins such as focal adhesion kinase, 

induce myofibroblast activation, and prompt the production of excess ECM.
23

 One 

problem with this „input‟ method is that there are no community-wide standards for 

stretch duration, intensity, or direction of stretching, and we do not know how best to set 

the parameters to recapitulate in vivo conditions; uni-axial stretch is most common and 

may imitate some of vascular conditions, but no clear consensus has emerged.  

Such standards are more straightforward for the third type of input discussed here, 

shear forces applied by fluid flow (Figure 2C). After flow is established, transcriptional 

regulation of many vasoactive endothelial genes, e.g. via KLF2
24

 and ephrinB2
25

, occurs. 

Shear forces can also independently and in conjunction with chemical cues induce cell 

fate. For example, shear forces produced by a pulsatile flow bioreactor up-regulated 

endothelial and downregulated smooth muscle cell markers in MSCs.
26

  Recent data in 

cultured human induced pluripotent stem cells indicate that initial specification with 

differentiation media containing VEGF (i.e. inducing endothelial fate) is augmented by 

shear stress.
27

 To mimic disease, researchers have developed devices that produce 
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turbulent flow profiles as observed during coronary artery disease. Whereas laminar flow 

results in alignment of endothelial cells in the direction of flow and increased barrier 

function, turbulent flow resulted in misalignment, apoptosis, and decreased 

permeability.
28

  

Understanding these external forces, how to measure them, and what their 

influences are is critically important, but – as alluded to above – one problem that has 

plagued mechanobiology has been the limited information in the literature about the 

amount, timing and location of the forces required by cells to activate appropriate 

signaling pathways. Some progress has been made with force-sensitive signaling probes, 

including fluorescent-based tension sensors
29,30

 or rupturable gauges 
31

, to quantify the 

amount of force required to activate a biophysically induced signaling cascade. Still, a 

major challenge for the field remains to determine the sensitivity of individual cell types 

and lineages to force-activated signaling. Further challenging these efforts is the 

likelihood that the method of force application and its directionality (e.g. compressive 

pushing inward, tensile pulling outward, or shear acting on a surface) may influence the 

response, further complicating our understanding of exactly how a cell acts to integrate 

signals. 

1.3.2 Biomaterials mimic passive (and active) cues that regulate cell responses 

The previous section focused on cell responses from applied forces, but there are 

numerous situations where a cell simply responds to its surroundings as it pulls on and 

„feels‟ it. Thus, we will next discuss techniques developed over the past decade to model 

physical properties of the environment, as well as the outputs regulated by these 

properties (Figure 1, right). A critical development in the late 1990‟s from Pelham and 



9 

Wang was the adaptation of polyacrylamide gels, conventionally used for electrophoresis, 

as a cell culture substrate (Figure 2D). With this system, they noted that fibroblasts and 

endothelial cells spread in a stiffness-dependent manner – stiffer substrates induce greater 

spreading.
32

 Subsequent work with bone marrow-derived MSCs showed that matrix 

stiffness could activate serum-based responses and drive cells towards neurogenic, 

myogenic, or osteogenic lineages when cultured on soft, neural-like, firm muscle-like, 

and stiffer bone-like polyacrylamide hydrogels respectively
33

, i.e. they express lineage 

specific transcription factors. At the time, stiffness-mediated signaling was mainly 

thought to be regulated by intra-cellular generated forces from non-muscle myosins, as 

increasing contractile forces were required to deform increasingly stiff matrices to the 

same extent.
34

  

As well as stiffness, substrate geometry – which defines cell area
35

 and shape
36

 - 

can modulate stem cell differentiation; small and large microprinted “islands” or low and 

high membrane curvature encourage adipogenic or osteogenic differentiation of MSCs, 

respectively
37

 (Figure 2E). Substrate geometry also can influence cancer cell behavior, 

where geometry can impact proliferation and alter migration.
38,39

   Furthermore, cell-cell 

interactions can modulate these behaviors as cells will additionally balance forces across 

their cell-cell junctions
40

, resulting in differences in migratory behavior. Taken together, 

these data reinforce the concept that multiple physical inputs can be modulated by other 

cues, as implied in Figure 1. However, what complicates this calculation is its non-

linearity; the intra-cellular forces generated from contracting against ECM of a particular 

stiffness, or a specific composition, can be permissive or not for different cell behaviors 

when presented individually. In combination, however, they are not additive with respect 
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to cell differentiation.
41,42

 Even within a particular cue, e.g. ECM composition, hundreds 

of unique combinations do not appear additive from their individual counterparts.
41,43

 

Thus, one needs to appreciate the complexity of these cues and their influence on force, 

but even that may not predict how they will be integrated by a cell. 

Just as cells do not exist in isolation, environmental cues that induce intra-cellular 

forces are not static; niche properties change both with space and time (Figure 2F), and 

this could affect how a cell integrates cues and makes decisions. In culture, stiffness has 

typically been presented as a single value, but it changes in vivo during development and 

often with disease. With regards to development, one question that arises is at what point 

is stem cell commitment no longer plastic to respond to physical attributes of niche? 

Temporal gradients can be induced via sequential ECM crosslinking using biomaterials 

with single or multiple crosslinking methods.
44,45

 Conversely materials can have 

crosslinks degraded to soften ECM or induce stress relaxation.
46,47

 These studies have 

indicated that differentiation of a number of different stem cell types are sensitive to 

stiffness changes, but only for certain periods of time once change is induced.
44,45,48

 

These materials have also been used to study fibrosis associated with disease, where the 

stiffness of the ECM can drastically increase with disease progression in vivo. Dynamic 

substrate stiffening has been utilized to investigate myofibroblast activation in the context 

of liver
49

 and cardiac
23

 disease as well as cancer
50

, which has demonstrated different cell 

behavior compared to culture on static gels. 

Tissue stiffness also typically contains spatial gradients, which can be 

accomplished by changing gel thickness, crosslink density, or micropost length in a 

spatially-dependent manner.
51–53

 Stiffness can vary 6 orders of magnitude in vivo
1
  and 
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gradients within tissues can vary up to 3 orders of magnitude.
54

 Most committed cells 

migrate preferentially to stiffer regions via unbalanced forces created by these gradients, 

i.e. “durotaxis.”
55,56

 MSCs also exhibit these unbalanced forces but are even more 

sensitive to gradient slope and range, exhibiting directional migration even when the 

gradient is at or below natural physiological variation in tissues.
52,56

 Since these cells are 

uncommitted, it is perhaps surprising that they would exhibit such preference, which also 

biases their differentiation towards more contractile lineages, e.g. bone. Interestingly, 

some report similar “memory” of their previous niche post-durotactic migration, e.g. 

MSCs that migrated from soft to stiff regions still expressed neuronal markers
52

, which 

suggests that as with temporal changes, spatial variation can impact stem cell plasticity. 

All cells generate forces to contract against their niche. As mentioned, one 

method to measure these deformations include micropillars.
57

 This method can be utilized 

to measure cellular contractility if the posts are fabricated to the same height.
58

 In the 

case where posts are fabricated to different heights while maintaining a planar surface, 

larger posts are more deformable and produce more bending compared to shorter posts 

(Figure 2G), creating a gradient similar to those in solid surfaces. Differential post 

deformability altered differentiation, as osteogenic fates were favored on short, stiffer 

posts and adipogenic fates were favored on long, softer posts.
59

 This gradient can also be 

utilized to investigate disease processes, with similar observations to stiff hydrogels in 

that fibroblasts cultured on short microposts demonstrated increased actin filament 

ordering, increased focal adhesion assembly, and increased cell size.
60

 Removal of cell-

cell contacts (i.e. only single cells) muted cell-micropost interactions and indicate 

syngery between the stimuli; thus the percent of pluripotent cells was reduced regardless 
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of substrate stiffness when cell-cell contact is present.
61

 These data are consistent with the 

interpretation that cell-cell and cell-matrix forces balance to maintain cell fate. In an 

expansion of this application, magnetic wires have been added to these posts to actively 

stimulate cells via torque induced by a magnetic field moving the micropillars.
62

 Post-

stimulation, intracellular forces rearrange and change magnitude,
63,64

 suggesting the cells 

responses, e.g. stem cell fate, could be driven by these externally applied, local 

deformations. Together these data demonstrate that results from any single model must 

be carefully interpreted as the combination of a number of stimuli can often result in 

differing or additive cell behavior.  

 

Figure 1.3. Integrating and converting biophysical signals 

Forces can drive cell responses using one or more of multiple mechanisms used to convert these forces into 

biochemical signals. These include: (i) actin–myosin contraction regulation, (ii) focal adhesion (FA) based 

signaling mechanisms, (iii) force-sensitive transcription factor localization, (iv) stretch-activated-channels 

(SAC) causing ion flux changes, and (v) nuclear-associated-protein signaling resulting from force 

transduction into the nucleus via SUN and Emerin causing chromatin unfolding. In all cases, these 

mechanisms result in transcriptional changes, translational changes (not indicated), or protein activity 

changes in the cytoplasm (not indicated). 
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1.4 The cell as an “Integrator”: converting biophysical 

stimuli into biochemical responses 

Thus far, we have discussed the kinds of physical inputs that can impact cell 

behavior. We now consider how these cues are converted from a biophysical metric into 

a biochemical signal that the cell can interpret and act upon. Several mechanisms have 

been implicated in this conversion (as summarized in Figure 3) and include but are not 

limited to (i) actin-myosin associated regulation, (ii) focal adhesion (FA) signaling via 

strain activated sensors,
65

 (iii) force-sensitive transcription factor localization,
66

 (iv) 

stretch-activated-channel (SAC)-induced ion changes,
67,68

 and (v) nuclear-associated-

protein signaling and chromatin unfolding.
69,70

 Once force is converted into a 

biochemical signal, enzymes such as kinases and phosphatases can respond to change 

protein activity, and/or the transcriptional and translational machinery of the cell can be 

induced to modulate protein expression. Here, we focus on the four most explored 

mechanisms, actin-myosin associated regulation, strain activated FA sensors, force-

sensitive transcription factor localization and nuclear-associated-protein signaling and 

chromatin unfolding, before offering our perspective associated with on-going challenges 

to more completely understanding and controlling force-induced signaling. It is important 

to note that the fifth mechanism, SAC-induced ion changes and its most well-known 

channel Piezo1, has been shown to play a role in disease such as pancreatitis
71

 but is less 

understood in development as they only recently have been described in the context of 

stem cell mechanotransduction
72

 and differentiation for lineage-restricted progenitors
73

; 
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as such, we will limit ourselves to discussion of the four remaining mechanisms in this 

section. 

1.4.1 Acto-myosin-based regulation of cell behavior 

Actin and myosin II form the classic cytoplasmic contractile apparatus found in 

muscle and more generically in all adherent cells (Figure 3i): actin forms thin filaments 

upon which myosin thick filaments bind and slide to create a contractile force. In addition 

to muscle myosin II, there has also been particular focus on understanding how non-

muscle myosin II (NMMII) can enable cells to „feel‟ the stiffness, porosity, and 

topography of their environment and develop intra-cellular tension.
12,33,35,36,74

 The 

contractile force generated by the actomyosin unit not only determines cell shape and 

allow for cell contraction and migration, it also is converted to biochemical signals that 

can induce downstream signaling changes leading to altered gene expression. Inhibition 

of NMMII actin binding activity
75

 or depolymerization of the structure entirely
76

 renders 

cells unable to respond to any of these material effects. Chronic NMMII inhibition can 

also reduce contractility-related apoptosis in stem cells
77,78

 as well as migration in tumor 

cells in culture.
79

 Direct application of external force is also critical for myosin II-

mediated cell responses.
80

 While there are direct mechanical connections between the 

actomyosin contractile apparatus and focal adhesions,
81

 the intra-cellular forces are 

distinct, spatially decoupled from each other
82

 (i.e. one adhesion can be actively 

transducing a contraction while an adjacent one does not), and insensitive to other stimuli 

that affect maturation of focal adhesion structures.
83

 While this and other evidence 

strongly suggests a role for actomyosin contractions in transducing biophysical signals, 

the specific molecular details regarding how NMMII could convert these contractions 
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into biochemical signal remain unclear. One actomyosin transduction candidate active in 

both development and disease is serum response factor (SRF), which is a transcriptional 

regulator controlled by actomyosin dynamics.
84

 There is great interest in understanding 

how SRF is activated as it is believed to directly or indirectly target around 300 genes.
85

 

Given its role in contraction, it is not surprising that deletion of SRF in vivo hinders 

skeletal, myocardial, and smooth muscle cell development.
86

 This extends to disease, as 

SRF deletion leads to dilated cardiomyopathies. Studies have also highlighted the role 

SRF plays in ECM matrix sensing, as SRF is critical for epithelial-myofibroblast 

transdifferentiation in response to matrix stiffness
87

 and alters cytoskeletal organization 

and cell spreading and migration in embryonic stem cells.
88

 

1.4.2 “Molecular strain gauges” and mechanically activated transcription factors 

Focal adhesions are a cluster of proteins physically bound to one another that 

connect extracellular matrix receptors with cell‟s cytoskeleton, which contains its 

actomyosin contractile structures. Within these adhesions, transcription factor binding 

site have been identified, which when exposed, could act as molecular switches (Figure 

3ii, star) that convert a stem cell into a mature cell based on the passive forces that the 

cell can exert on its environment. One of the best-studied example of a focal adhesion 

tension sensor is vinculin.
89

 In human MSCs, vinculin can act as a strain gauge and 

control stiffness-mediated differentiation; too little or too much force transduced across 

the protein can lead to cryptic kinase binding sites remaining buried or completely 

unfolding, respectively. Thus, vinculin-mediated signal transduction via kinases is force-

sensitive. In addition to preventing stem cell differentiation into muscle, loss of vinculin 

can reduce contractility in terminally differentiated muscle, thus illustrating a similar 
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function in both progenitor and terminal cells.
90

  Rescue with mutant forms of Vinculin 

(headless, tailless, or lacking the MAPK binding site) also did not induce stem cell 

differntiation into muscle, consistent with observations in other cell types in which partial 

length vinculin was insufficient for many cell functions, e.g. generation of traction 

forces.
91

 Beyond Vinculin and MAPK signaling, other focal adhesion-based, strain-

sensitive regulators that employ a force-dependent, conformational change-based 

mechanism, i.e. molecular strain gauge, have been identified. For example, Sorbin and 

SH3 Domain Containing 1 protein (SORBS1) was found to regulate stiffness-sensitive 

osteogenesis in MSCs in the same manner that vinculin governs myogenesis, albeit with a 

higher stiffness set point – i.e. greater force is required to activate SORBS1 than 

vinculin.
92

 Interestingly, this difference in sensitivity has not been reported in terminally 

differentiated cells, as SORBS1 and vinculin interact to modulate cell spreading, 

migration, and contractility.
93,94

  

1.4.3 Force sensitive transcription factor localization 

Strain-sensitive proteins in focal adhesions may change their confirmation, but 

additional force-sensitive switches, including some transcription factors, appear to shuttle 

information to the nucleus in a similar manner.  For instance, YAP/TAZ is a robust 

signaling complex that translocates from the cytoplasm to the nucleus as the niche 

becomes stiffer or cell shape changes. 
66,95,96

 Translocation can also occur via changes in 

cell density, shear stress, in 2D or 3D, and via stretch.
97

 YAP/TAZ signaling mediates 

epidermal and mesenchymal stem cell fate
98,99

 and also has been implicated in cancer 

progression.
100

 Another force-sensitive transcription factor is TWIST1, which acts as a 

mechanomediator that induces epithelial-to-mesenchymal transition (EMT) on stiff 
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matrices by translocating to the nucleus.
101

 This pathway appears to function independent 

of the classic YAP/TAZ „switch‟ identified in the last decade. In both instances, the exact 

mechanisms are not entirely clear, but they may involve changes in the phosphorylation 

of the factor or its chaperones.
101,102

 Although transcription factor localization may be 

sensitive to other inputs, such as cell-cell contact,
103

 it appears switch-like, centered 

around a particular set point as with focal adhesions-based sensors, i.e. mechanism ii. 

1.4.4 Nuclear-associated-protein signaling and chromatin unfolding 

DNA is typically wrapped tightly around histones, which buries some 

transcription factor binding sites. Cells can modulate this packing, often by unwinding 

DNA from histones. While this association is conventionally thought to involve changes 

in histone acetylation via histone acetyltransferase and histone deacetylase (HDAC), 

more recent evidence suggests that intra-cellular
70

 or extra-cellular forces
104,105

 can 

deform the nucleus and stretch regions of DNA to change the accessibility of 

transcription factor binding sites. Beginning with initial observations that stem cell nuclei 

become less flexible upon differentiation
106

 as a result of changes in the nuclear 

lamina,
105

 there have been tremendous advances in our understanding of how force can 

convert heterochromatin to transcriptionally active euchromatin (Figure 3iv). 

Transmission of these forces requires an intricate network of proteins that link the 

actomyosin contractile apparatus of the cell to the nucleus. That specific machinery 

includes transnuclear membrane proteins such as SUN and LINK,
107

 which are anchored 

to the membrane by the nuclear lamins. A second network of proteins including 

Emerin
108

 tether DNA to the lamins, thus creating a bridge between the force-generating 
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portion of the cell and the chromatin. These structures are exceedingly dynamic, feeding 

back on themselves as the nucleus is exposed to forces.  

As a stem cell differentiates, the chromatin condenses and binding accessibility 

changes, silencing regions of the DNA that are no longer necessary.
109

 In this context, 

forces can still activate new regions of transcriptional activity, but without force, such 

regions may remain silent. Depletion or knock down of any part of this sensing 

machinery reduces strain-induced rearrangements and blocks stem cell differentiation.
110

 

Recent experiments in CHO cells have shown that myosin-mediated intra-cellular forces 

are sufficient to deform chromatin and extra-cellular forces applied by MTC can induce 

transcription of a reporter, e.g. a green fluorescent protein (GFP)-tagged dihydrofolate 

reductase (DHFR) transgene.
111

 Intra-cellular forces can also rearrange chromosome 

territories, resulting in force-mediated gene regulation.
112

 Force mediated chromatin 

changes can also induce cell response in terminally differentiated cells, such as inducing 

mesenchymal to epithelial transition in fibroblasts via a non-myosin II mechanism.
113

   

Although we have focused this discussion on cellular forces thus far, biomaterial-

induced responses by the cells also can regulate DNA rearrangements. For example, stem 

cells align with microgrooved patterns, and when the patterns are either compressed or 

stretched orthogonal to the microgrooves, stem cells show decreased HDAC activity and 

increased histone acetylation,
110

 implying that accessibility changes are the result of 

external sensing of the physical change. There is also great interest in the role of the 

ECM in DNA rearrangements during cancer metastasis, as cells leave the primary tumor 

and squeeze through the stroma to invade other regions. Confinement experiments, where 

cells migrate through narrow channels, have demonstrated that tumor cells can 
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completely rupture their nuclear envelope to migrate through exceedingly narrow 

channels followed by restoration after passage. This dramatic process leads to 

accumulation of DNA damage and herniation of chromatin, providing new information 

on how biophysical forces can contribute to the heterogeneity of cancer.
114

 Additional 

regulation by shear, spreading, stiffness, and the nucleus:cytoplasm ratio has also been 

observed in manners reflective of those with topography.
115

  

Independent of the mechanisms described above (along with signaling via 

mechanosensitive ion channels), the signalling, transcriptional and translational 

machinery must be able to respond to intra- and inter-cellular forces to affect what a cell 

does, i.e. in the case of stem cell differentiation, which lineage-specific cell markers it 

expresses. While presented as distinct mechanisms, linkage between these three is very 

likely. For example, disrupting F-actin or inhibiting contraction reduces nuclear force 

transduction via LINC and thus transgenic marker transcription. Conversely, activation of 

endogenous contraction and nuclear transduction initiated force-induced transcription
111

; 

strain-sensitive molecular switches also are sensitive to cytoskeletal disruption.
66,89

 Thus 

a more holistic view of Figure 3 would suggest that mechanisms do not occur in isolation 

but as a collective. This perspective may be a more accurate representation of what 

occurs both in vitro with cells and in vivo during disease and development. 

1.5 Conclusion 

Disease and development are clearly regulated by a variety of stimuli (Figure 1) 

which the cell integrates into a singular response both in vivo and in vitro. While the 

inputs and outputs are clear, furthering our understanding of the specific role for force in 
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these processes faces several clear hurdles in the near future. First, much of our advances 

in understanding physical cues have been made in 2D culture models, which obviously 

differs from the 3D in vivo environment. Results have demonstrated the proliferation, 

migration, and differentiation can all be impacted by 2D vs 3D models.
116–119

  Thus the 

continued reliance on 2D systems is a double-edged sword; they have enabled the 

development of numerous protocols to probe mechanisms that hold true in vivo but may 

have also inhibited a continued push for the development of single- or multi-organ 

systems in a single structure. With the development of techniques such as 3D printing, 

there is a new push towards developing more complex structures that better recapitulate 

development and disease processes. 

A second hurdle to overcome is the need to more closely integrate the work of 

molecular biologists and biophysical scientists to tackle the problems associated with our 

incomplete understanding of each biophysical signaling mechanism and their how they 

interact syngeristically or antagonistically – with each other and with parallel and 

downstream biochemical pathways. In vivo tissue-engineering strategies will also benefit 

from an enhanced understanding of cell signaling mechanisms, their physiology, and 

their force sensitivity. By addressing these concerns, we believe that the field can 

continue to advance towards a more complete understanding of how cells are regulated 

by forces and how those forces can be used to our advantage to create better therapeutic 

targets for drugs and better cell-based therapies. 
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Chapter 2. 

Dynamically stiffening niche promote 

malignant transformation of mammary 

epithelial cells via collective mechanical 

signaling 

2.1 Abstract 

Breast cancer fibrosis is a dynamic process that results in tissue stiffness 

increasing from normal to malignant over months to years. To more accurately mimic the 

onset of tumor-associated fibrosis versus conventional static hydrogels, mammary 

epithelial cells (MECs) were cultured on methacrylated-hyaluronic acid hydrogels, whose 

stiffness can be dynamically modulated from “normal” (<150 Pascals) to “malignant” 

(>3000 Pascals), utilizing two-stage polymerization. MECs form and remain as polarized 

acini but begin to decompose and resemble mesenchymal morphology upon matrix 

stiffening. However, both the degree of matrix stiffening and culture time prior to 

stiffening play a large role in acinar transformation as, in both cases, a subset of acini 

remained insensitive to local matrix stiffness. Acini transformation depended neither on 

colony size nor cell density and MECs did not exhibit “memory” of prior niche when 

serially cultured through cycles of soft and stiff matrix. Instead the transcription factor 
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Twist, transforming growth factor β (TGFβ), and YAP activation appeared to modulate 

stiffness-mediated signaling; when stiffness-mediated signals were blocked, collective 

MEC transformation was reduced in favor of single MECs transforming and migrating 

away from acini. These data indicates a more complex interplay of time-dependent 

stiffness signaling, acinar structure, and soluble cues that regulate MEC transformation 

than previous models suggest. 

2.2 Introduction 

Tissue remodeling results in part from mechanical, structural, and compositional 

changes to the extracellular matrix (ECM)–the scaffold that surrounds and separates cells. 

Significant focus over the last decade has illustrated how one such property–ECM 

stiffness–effects a range of cell behaviors from migration
55

 to alignment and 

morphology
120–122

 to differentiation.
33,42,123

 

Yet the remodeling that induces these changes can occur for a number of reasons; for 

mammary cancers in particular, tumors “feel” stiffer during manual palpation
124

 in part 

from increased ECM expression and crosslinking
125,126

 as well as changes in protein 

composition.
127–129

 This dynamic tumor microenvironment is established by tumor and 

stromal cells and their soluble factors
130–133

 which evolve as the tumor progresses over 

months to years.
124

 Animal models largely recapitulate the dynamics of human tumors, 

e.g. stiffening by lysyl oxidase-mediated crosslinking,
125

 but they remain exceedingly 

complex. Reductionist approaches using biological and synthetic materials have only 

recently been available to systematically modulate physical properties over a 

pathologically relevant range. These materials recreate the classic mesenchymal 
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transformation of mammary epithelial cells (MECs) via changes in stromal 

stiffness.
101,134,135

 Yet these materials, especially synthetic ones, often cannot be 

remodeled by cells in vitro and remain static with time, unlike highly dynamic mammary 

tissue that undergoes a 10 to 20-fold stiffening during tumor progression.
134,136

  

Recent material advances have created dynamic or “on-demand” systems where 

crosslinking is temporally regulated to achieve continuous or step-wise crosslinking or 

degradation that more closely resembles in vivo tissue dynamics. Systems often rely on 

thermal- or photo-activated, pH, enzymatic, or diffusion-based mechanisms;
137

 for 

example, gold nanorod-carrying liposomes can be heated past their transition temperature 

to induce rupture and, when loaded with calcium, form additional alginate crosslinks.
50

 

Alternatively, thermal sensitive polymers such as N-isopropyl acrylamide undergo 

substantial shape changes when heated, resulting in changes in mesh size and stiffness of 

their hydrogels.
138

 Large thermal changes may be detrimental to cells, so light, which can 

be precisely controlled over space and time, serves as an alternative. Both ultraviolet light 

(UV) activated crosslinking via radical polymerization
44,49,139,140

 or degradation via o-

nitro benzyl groups
47

 have been used to modulate cell behavior, finding that stem cells 

can dynamically modulate their lineage initially
44

 but commit after long-term culture.
33,52

 

Similar “memory” may exist in cancer cells,
141

 prompting the question of whether MECs, 

which form hollow 3D structures called acini in vivo, exhibit single or collective cell 

behavior when cultured in dynamically stiffening materials. These systems also better 

mimic how the microenvironment is modified over time with tumors versus static 

materials, enabling us to additionally determine when and to what extent acini are 

sensitive to ECM stiffness.  
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2.3 Results 

2.3.1 Methacrylated hyaluronic acid hydrogels recapitulate mammary 

morphogenesis 

Dynamic changes in matrix stiffness–not just stiffness itself
134

–may play a pivotal 

role in regulating epithelial to mesenchymal transition (EMT), a process where MECs 

adopt a more mesenchymal-like phenotype punctuated by expression of canonical 

mesenchymal transcription factors including Twist.
142

 To examine the collective 

responses of 3D acini to stiffening, we adopted a material-based strategy where the 

methacrylated glycosaminoglycan hyaluronic acid (MeHA) would be partially 

crosslinked, cells seeded on its collagen-functionalized surface, and Matrigel overlaid on 

top (Supplementary Fig. 1) consistent with previous methods that used static materials.
134

 

MeHA has a stiffness range that spans normal to pathologically stiff (Fig. 1A) and could 

be modulated by the methacrylation substitution ratio, which ranged from 35-50%, free 

radical donor concentration, which was controlled by UV-activated Irgacure 2959 and 

UV exposure time.
143

 Collagen can be covalently attached to MeHA (Fig. 1B) to a degree 

similar to polyacrylamide hydrogels as assessed by how tethered the matrix protein is to 

the substrate.
144

 

Initial MEC attachment did not vary as a function of stiffness or substrate (Fig. 1C) and 

MeHA, stiffened only to initially polymerize it, yielded MEC responses consistent with 

previous static results on polyacrylamide hydrogels;
134

 pathologically stiff cultures 

induce EMT whereas physiological soft cultures do not (Fig. 1D-E).  
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Figure 2.1. Tunable MeHA hydrogels have similar properties to PA hydrogels.  

MeHA stiffness is plotted for hydrogels that were crosslinked in a two-stage process.
143

 (A) For each batch 

of MeHA, hydrogel crosslinking time was adjusted to achieve these target values unless otherwise noted. 

Data here represent mean ± standard deviation for triplicate polymerization from first batch of MeHA 

(n>100 measurements over multiple gels/bar). ***p<10
-3

 from an unpaired student t-test. (B) Type I 

collagen attachment is shown by rupture length of the tether pulled off of the surface as in Wen et al.
144

 to 

assess how protein-hydrogel coupling. No statistical difference by two-way ANOVA was found between 

100 Pa and 3000 Pa hydrogels fabricated using MeHA or PA as well as MeHA hydrogels that were 

stiffened using the two-stage process (n>100 measurements over 3 independent gels/bar). (C) Initial MEC 

attachment is plotted as a function of stiffness or substrate. No statistical difference by two-way ANOVA 

was found (n = 3 hydrogels containing over 50 cells/bar). (D) Phase images demonstrating MCF10A cell 

response on 100 and 3000 Pa MeHA substrates 10 days post seeding. Scale bar is 200 µm.  (E) Fluorescent 

images of E-cadherin (green), Laminin V (red), and nuclei (blue) for both 100 and 3000 Pa substrates made 

using either polyacrylamide (PA) or MeHA as indicated and which are consistent with previous PA 

hydrogel studies.
101,134

  

2.3.2 Acinus EMT depends on magnitude and timing of substrate stiffening 
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Via static culture, single MECs undergo EMT and form a layer of mesenchymal 

cells above 400 Pa or >2-fold above normal ECM stiffness.
134

 To determine to what 

extent MECs are sensitive collectively to ECM stiffness as acini, single cells were 

cultured on 100 Pa MeHA hydrogels to form acini and then stiffened to varying degrees 

after 10 days (Fig. 2A). Stiffening up to 3000 Pa requires the presence of both a free 

radical donor and UV light (Supplementary Fig. 2) up to 2.5 minutes, which was not 

sufficient to induce DNA damage pathways, e.g. p53 activation (Supplemental Fig. 3); 

these data suggest that MEC responses are stiffness-mediated and not the result of MeHA 

polymerization chemistry. After substrates where stiffened to 1000 to 5000 Pa (Fig. 2A), 

we found that collective MEC responses were still stiffness-dependent; fewer acini 

maintained their spheroid morphology on 5000 vs. 1000 Pa hydrogels, often exhibiting 

significant migration away from the original acinus (Fig. 2B). However, cell responses 

were notably heterogeneous at intermediate stiffness; despite 10-fold change in stiffness, 

50% of acini maintained their morphology when MeHA hydrogels were stiffened from 

100 to 1000 Pa. Conversely, relatively few acini remained when MeHA was stiffened to 

pathological stiffness (Fig. 2C). These data suggest that the heterogeneity of tumor 

progression may be due in part to different sensitivities of a collective MEC response to 

stroma stiffness changes. 
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Figure 2.2. MeHA substrates have tunable stiffness to interrogate MEC response to dynamic stiffening  

(A) Hydrogel stiffness was measured using AFM for substrates after the initial polymerization step (pre-

stiffened) and then after the second polymerization step (post-stiffened). Each color corresponds to a 

different UV duration in the presence of the Irgacure 2959 photoinitiator (n=6 hydrogels with >20 

measurements per gel/bar). ***p<10
-3

 from a paired student t-test between the pre- and post-stiffened states 

of each substrate. (B) MECs were cultured as indicated and stained for actin (red) and nuclei (blue). (C) 

Images pre- and post-stiffening MEC morphology were assessed for the three UV exposure periods, i.e. 

1000, 3000, and 5000 Pa hydrogels. Cell aspect ratio is plotted with each color corresponding to the 

stiffening regiment in panel A. The dashed line at 1.5 indicates an approximate transition point from acinar 

to non-acinar morphology (aspect ratio of 1 indicate a perfect spherical projection) and percentage of data 

below the transition is shown. *p<0.05, **p<10
-2

, and ***p<10
-3

 from an unpaired student t-test (n>15 

acini/condition). 

 

The onset of collective stiffness sensitivity is also not clear, so we next varied 

MEC culture time before stiffening MeHA substrates to the same degree (Fig. 3A). With 

increased culture time on physiological stiffness, MECs matured into acini (Fig. 3B, left) 

whereas MECs on pathologically stiff substrates exhibited spreading, proliferation, and 

morphological changes indicative of EMT-like behavior as early as 2 days in culture (Fig. 

3B, right). However when stiffened to 3000 Pa after a variable amount of pre-culture time 

at 100 Pa, we found that collective MEC responses became heterogeneous after 8 to 10 
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days of pre-culture; a subset of acini ~10-20% did not respond to stiffening by exhibiting 

EMT-like behavior (Fig. 3B, center; Fig. 3C), suggesting that after sufficient time in 

culture, acini may have matured to the point where collective sensing among cells within 

the acinus could override mechanotransductive signals that would induce EMT for those 

cells in contact with the MeHA.
101

 However MECs proliferate
127

 and acini hollow
145

 as 

they mature, so the number of cells present in an acinus may regulate their collective 

sensing. To produce acini of consistent size, MECs were pre-clustered at different 

densities using Aggrewell plates. After seeding overnight on MeHA, hydrogels were 

stiffened and acini cultured for up to 5 days (Fig. 4A). However, acinar behavior 

appeared independent of cell density as it did not affect the propensity of MECs to 

respond to stiffness; indeed, responses were primarily controlled by stiffness. When 

MeHA was stiffened, we further observed a decrease in acini in favor of MECs 

undergoing EMT-like changes (Fig. 4B-E), although we again observed that a subset of 

acini are insensitive to stiffening (Fig. 4B, D arrowheads, middle row). Together these 

data suggest that beyond a minimum size or maturity, collective MEC responses to 

stroma stiffness changes can be heterogeneous. 
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Figure 2.3. Dynamically stiffened MeHA substrates influence MEC stiffness response  

(A) On culture days 2, 4, 6, 8, and 10 on 100 Pa substrates, samples were stiffened to approximately 3000 

Pa and were similar regardless of the pre-culture period. Data here represent mean ± standard deviation for 

polymerization from first batch of MeHA (n=6 hydrogels with >100 measurements per bar). ***p<10
-3

 

from an unpaired student t-test. (B) Representative brightfield images of MECs cultured on MeHA 

substrates with variable times for stiffening corresponding to panel A and indicated by row (middle 

columns); total culture time for dynamically stiffened gels are indicated for each row plus the time 

indicated by each column. For reference, MECs cultured on substrates with stiffness of 100 Pa (left 

column) and 3000 Pa (right column) are shown with each row corresponding to the indicated culture day. 

(C) Quantification of the percent acini remaining as a function of the days post stiffening. Data is sorted by 

pre-culture time (2-10 days as indicated by color; n= 2 biological replicates with ≥ 2 gels with 80-341 acini 

measured per condition; for 8 days pre-culture, n= 1 biological replicate with 4 gels with 70-135 acini 

measured per gel). ****p<10
-4

 for time post stiffening and ***p<10
-3 

for stiffening day from a two-way 

ANOVA. 
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Figure 2.4. Ability of MECs to respond to stiffness-mediated changes is size independent  

(A) Schematic shows how aggrewell plates were used to pre-cluster cells prior to seeding onto 100 and 

3000 Pa substrates to investigate the dependence on acini size or maturity. (B) and (D) 250 and 500 cells 

per acinus, respectively, were seeded onto 100 and 3000 Pa substrates, and selected 100 Pa hydrogels were 

stiffened at day 2. Images show resulting morphology at indicated days. White arrowheads denote the acini 

remaining on substrates 5 days post-plating. (C) and (E) The percent acini remaining are shown as a 

function of days post-replating with the day of stiffening indicated for 250 and 500 cells per acinus, 

respectively. *p<0.05 for Tukey's post-hoc analysis versus other conditions (n = 2 biological replicates 

containing 33-67 acini or EMT cluster/condition/time point).  

 

2.3.3 Stiffening-induced EMT is not a cell autonomous process but is augmented by 

paracrine signaling 
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Single MECs have been suggested to have “memory” of their previous niche,
141

 

and given the heterogeneous responses of acini after stiffening, we next asked if acini 

would exhibit memory. Acini were cultured on stiffened hydrogels as in Fig. 3 for 10 

days (labeled as 1
o
) and remaining acini were separated from spread cells using a 

differential typsinization method (Supplemental Fig. 4). The separated acini and spread 

cell populations were then reseeded on soft MeHA substrates that were soft, stiffened, or 

stiff (labeled as 2
o
) to assess whether acini response was cell autonomous (Fig. 5A). 

When acini were plated onto the secondary hydrogel without stiffening, cells remained 

acinar, but when plated onto stiff substrates, most acini exhibited EMT-like changes (Fig. 

5B-C, green vs. blue). When plated on stiffened 2
o
 hydrogels, nearly all acini were 

maintained until stiffening at which point the population became heterogeneous again 

(Fig. 5B-C, red). Conversely when spread MECs were plated onto stiff 2
o
 hydrogels, cells 

remained spread (Fig. 5 D-E, blue), but for both soft and stiffened MeHA, MECs formed 

acini, which became heterogeneous only when MeHA was stiffened during the 2
o
 screen 

(Fig. 5 D-E, green vs. red). To more closely assess phenotype resulting from acini and 

spread cells in the 2
o
 hydrogel, we examined E-cadherin localization and found that 

regardless of input MEC type (acinar or spread), acini on soft MeHA had peripheral E-

cadherin localization and typically exhibited hollow centers (Supplementary Fig. 5-6, 

top). Surprisingly, spread cells on stiff MeHA had similar peripheral E-cadherin 

localization although they lacked polarized orientation (Supplementary Fig. 5-6, bottom); 

both results were present when MeHA was stiffened (Supplementary Fig. 5-6, center). 

Since both cell populations adapted to their local microenvironment and responded when 

MeHA was stiffened–consistent with the heterogeneous response observed in Fig. 3–
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these data suggest that cell decisions are not autonomous and rather involve transient and 

collective signaling among cells within the acinus or cluster of spread MECs.  

 

Figure 2.5. MEC spreading is not cell autonomous  

(A) Schematic depicting 1
o 

and 2
o
 screens of acini that were cultured on stiffened hydrogels during the 1

o
 

screen. Cells undergoing EMT were separated from acini using the method in Supplemental Figure 4 and 

replated in the 2
o
 screen on 100 Pa, 3000 Pa, or a substrate stiffened from 100 to 3000 Pa. (B) and (D) 

Representative images up to day 5 post-replating from the 2
o
 screen of cells isolated from acini and EMT 

regions of the primary screen, respectively. For substrates that were stiffened (middle row), timing of 

matrix stiffening is noted. White arrowheads denote the acini remaining on substrates 5 days post-plating. 

(C) and (E) The percent acini remaining are shown as a function of days post-replating with the day of 

stiffening indicated for cells isolated from acini and EMT regions of the primary screen, respectively (n= 2 

biological replicates containing 10-71 acini or EMT cluster/condition/time point). *p<0.05, **p<10
-2

, and 

***p<10
-3

 for Tukey's post-hoc analysis versus other conditions at the same time point. Two-way ANOVA 

was not significant for effect of EMT vs. acini. 
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2.3.4  Heterogeneous stiffening-mediated responses occur via TGFβ and YAP 

signaling 

E-cadherin expression and localization suggests that paracrine signaling may 

augment collective behavior. TGFβ is a common soluble factor that affects EMT,
142

 so 

exogenous TGFβ was added to culture media of acini from Fig. 5 plated onto soft, 

stiffened, and stiff substrates to determine to what extent a paracrine signal could 

influence collective stiffness sensing; in all conditions, the number of acini remaining 

was greatly reduced, with progressive loss occurring even after stiffening and on soft 

substrates absent any stiffness signal (Supplemental Fig. 7). Unlike in the absence of 

TGFβ on stiff MeHA where E-cadherin expression was lower but still localized, we 

observed complete loss of E-cadherin by day 5 in the presence of TGFβ on stiff MeHA 

(Supplemental Fig. 8). 

Given that exogenous TGFβ induced increased spreading on all conditions but 

especially on stiffened MeHA, we next assessed stiffness-mediated localization of 

SMAD2/3, a signaling complex immediately downstream of TGFβ receptor, and Twist, a 

basic helix loop helix transcription factor associated with stiffness mediated EMT.
101,142

 

Both SMAD and Twist nuclear localized on pathologically stiff (Fig. 6A, solid 

arrowheads) but not physiologically soft matrices (hollow arrowheads) (Fig. 6A-B). For 

stiffened hydrogels, both acinar and spread cell subpopulations exhibited heterogeneous 

distributions of localized (solid arrowheads) and non-localized (hollow arrowheads) 

SMAD and Twist (Fig. 6C-D).  Additionally when cells on stiff and stiffened conditions 

nuclear localized SMAD, we observed its phosphorylation (Supplemental Fig. 9), 

indicating a transcriptionally active and stiffness responsive SMAD complex.  To 
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decouple TGFβ signaling from stiffening-induced responses, 10 µM Galunisertib, a 

TGFβ receptor inhibitor, was added to culture media of acini on soft substrates that were 

subsequently stiffened. Although inhibition prevented SMAD2/3 nuclear localization and 

also subsequent localization changes for Twist (Supplemental Fig. 10A-B), a subset of 

cells still left acini, spread, and became motile (Supplemental Fig. 10C). However, this 

population was significantly smaller and less migratory in Galunisertib-treated acini 

(Supplemental Fig. 10D-E). These data suggest that stiffening on MeHA substrates 

induces a collective paracrine cell response via TGFβ signaling which in turn activates 

canonical EMT pathways in many spreading cells, but there remains a fraction of acini 

whose collective response appears independent of TGFβ and Twist. 

 

Figure 2.6. TWIST and SMAD localization in acinar and spread MECs  

(A) TWIST (green) and SMAD2/3 (red) immunofluorescent imaging of MECs on soft and stiff MeHA 

substrates. Images show cells that have cytoplasmic localization of TWIST and SMAD (hollow 

arrowheads) on soft gels and nuclear localization (filled arrowheads) on stiff gels.  (B) Plot of the nuclear to 

cytoplasmic intensity ratio for Twist and SMAD2/3 for the indicated conditions (n=100 cells). Lines 

delineate separation of data between soft and spread cells. (C) TWIST and SMAD2/3 immunofluorescent 

imaging for MECs on stiffened MeHA substrates. Arrowheads indicate cells that are cytoplasmic or nuclear 

localized.  (D) Plot of the nuclear to cytoplasmic intensity ratio for Twist and SMAD on stiffened 

substrates (n=100 cells). The delineated lines from Panel B were used to identify cells as either positive or 

negative for the markers. 
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To determine the underlying mechanism for non-SMAD/Twist spread cells when 

exposed to dynamic matrix stiffness, we assessed the localization and activity of the 

mechanosensitive transcription activator Yes-associated protein 1 (YAP)
66,97

 which has 

been recently implicated in several metastatic cascades.
141,146,147

 As with Twist, YAP 

nuclear localization was observed on stiff hydrogels but not soft (Fig. 7A, bottom).  

However on stiffened hydrogels, 29% of cells had nuclear localized YAP but not SMAD 

(Fig. 7C-D); conversely only 8% of cells were Twist but not SMAD2/3 positive (Fig. 

6D).  Furthermore, TGFβ receptor inhibition resulted in clear stratification of the acinar 

and spread, motile subpopulations into YAP non-localized and YAP localized groups, 

respectively (Supplemental Fig. 11A-B), suggesting a role for YAP in initiating non-

TGFβ-mediated spreading.  To understand the role of YAP activity in the spread cell 

phenotype, we inhibited its activity with Verteporfin, a small molecule that reduces 

endogenous YAP expression and prevents nuclear activation.
148

 While Verteporfin 

reduced YAP nuclear expression, it did not inhibit spreading on stiff hydrogels 

(Supplemental Fig. 12). Interestingly, YAP inhibition on stiffened gels resulted in a 

significant reduction of spreading and migration similar to TGFβ receptor inhibition 

(Supplemental Fig. 13). However while YAP or TGFβ receptor inhibition alone resulted 

in significantly fewer spread and motile cells per acini, dual inhibition provided the 

greatest overall reduction in the total number of spread, motile cells (Fig. 8A-B).  

Together these data suggest that collective signaling throughout the acinus may be sensed 

through a combination of both paracrine signaling via TGF-β/SMAD and mechanical 

signaling via YAP localization, and that when jointly inhibited, acini composed of MECs 
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give rise to significantly fewer cells capable of spreading and migrating into the 

surrounding stroma (Fig. 8C). 

 

Figure 2.7. YAP and SMAD localization in acinar and spread MECs  

(A) YAP (green) and SMAD2/3 (red) immunofluorescent imaging of MECs on soft and stiff MeHA 

substrates. Images show cells that have cytoplasmic localization of YAP and SMAD2/3 (hollow 

arrowheads) on soft gels and nuclear localization (filled arrowheads) on stiff gels.  (B) Plot of the nuclear to 

cytoplasmic intensity ratio for YAP and SMAD2/3 for the indicated conditions (n=100 cells). Lines 

delineate separation of data between soft and spread cells. (C) YAP and SMAD2/3 immunofluorescent 

imaging for MECs on stiffened MeHA substrates. Arrowheads indicate cells that are cytoplasmic or nuclear 

localized.  (D) Plot of the nuclear to cytoplasmic intensity ratio for YAP and SMAD2/3 on stiffened 

substrates (n=100 cells). The delineated lines from Panel B were used to identify cells as either positive or 

negative for the markers. 
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Figure 2.8. YAP and SMAD inhibition reduces number of spread cells in MECs on stiffened gels  

(A) Representative image demonstrating spread cells on stiffened substrates and cells treated with 

Galunisertib and Verteporfin. (B) Total number of spread cells per acinus were plotted for untreated and 

treated cells. *p<0.05, **p<10
-2

, and ***p<10
-3

 for Tukey's post-hoc analysis. (C) Mechanism describing 

inhibition of YAP and SMAD nuclear localization on MECs spreading. 

2.4 Conclusion 

MeHA-based hydrogels recapitulate mammary morphogenesis in vitro as classic, 

static biomaterial systems do,
101,134

 but its ability to be dynamically stiffened to mimic in 
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vivo pathogenesis provides a new tool to elucidate events and signaling not otherwise 

observable under static conditions, e.g. dual TGF-β/SMAD and YAP collective signaling 

versus that previously observed with Twist and integrins. Here, we show that pre-culture 

on soft substrates resulted in a population of acini that were partially resistant to stiffness-

mediated spreading. MEC response depended on not only the magnitude of dynamic 

stiffening, but also the timing of substrate stiffening. We also demonstrated that the 

MECs did not exhibit “memory”-like behavior but rather that stiffness-dependent MEC 

responses at the local cell level were modulated by TGFβ and YAP signaling; 

augmenting or inhibiting this signal induced collective EMT or caused stiffness-sensitive 

cells to respond and migrate individually, respectively. These results implicate a more 

complex interplay of paracrine and time-dependent stiffness-mediated cellular changes 

leading to EMT than suggested by previous static models
101,134

 but in line with in vivo 

systems.
125,132,149

 Similar complexities have been observed in other contexts and suggest 

that broader biomaterials exploration is required; for example, mechanical signaling 

dynamically changes in conjunction with matrix remodeling. Caliari and colleagues 

demonstrated that dynamic stiffening provided insight into how pre-culture on soft 

substrates decreases the time required for YAP translocation post stiffening.
49

 Dynamic 

stiffening also can control cell fate, e.g. cardiomyocyte differentiation, by turning on and 

off mechanically sensitive pathways over time.
150

 Beyond stiffness alone, this 

phenomenon of dynamic biomaterial properties regulating cell fate–from stem cells to 

cancer–may extend to topography,
151

 surface adhesion,
152

 and porosity,
153

 and thus 

warrants increasing attention from the biomedical engineering community. 

2.5 Methods 
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2.5.1 Methacrylated hyaluronic acid (MeHA) polymer synthesis 

MeHA was synthesized as previously described.
143

 50 kDa sodium hyaluronate 

(Lifecore Biomedical, cat # HA40K) was dissolved in de-ionized water at 1 w/v% 

overnight and reacted with methacrylate anhydride (Sigma-Aldrich, cat # 276685, 6 mL 

of methacrylate anhydride for 1 g of sodium hyaluronate) at pH 8, followed by overnight 

incubation, and further reacted with methacrylate anhydride (3 mL of methacrylate 

anhydride for 1 g of sodium hyaluronate) at pH 8 for 4 hours. MeHA was precipitated out 

of solution by mixing ethanol with the solution at a ratio of 9:1. After centrifugation, the 

excess solution was removed and MeHA was dissolved in deionized water followed by 

dialysis (Spectrum Labs, cat # 132655) against de-ionized water at 4 C for 3 days. 

Samples were then placed in a lyophilizer (Labconco FreeZone2.5) for another 3 days. 

The lyophilized MeHA was analyzed by 
1
H magnetic resonance (NMR) to determine 

methacrylate substitution ratio by normalization of the peaks at a chemical shift of 6 ppm, 

representing the methacrylate group, by peaks between 3 and 4 ppm, which represent 

native HA. Substitution ratios were computed from triplicate NMR analyses 

(Supplemental Figure 1A). The degree of modification varied by batch but always fell 

within 35-50% substitution ratio. 

2.5.2 MeHA and polyacrylamide hydrogel formulation 

MeHA hydrogels were cast onto 12 mm glass coverslips. Coverslips were cleaned 

via sonication in 70% EtOH for 10 min followed by a secondary sonication in DI H2O 

for 10 min.  After cleaning, coverslips were dried and treated with 0.1 mg/mL poly-d-

lysine (Sigma-Aldrich, 70-150 kDa, P6407) for 5 min at room temperature. The poly-d-



41 

lysine was then aspirated and the coverslip rinsed 1x with DI H2O and allowed to dry for 

at least 2 hours prior to casting gel on the surface.  

1% w/v MeHA was dissolved in 0.2 M Triethanolamine (Sigma-Aldrich, cat # 

T58300) and phosphate-buffered saline (PBS) solution. Irgacure 2959 (Sigma-Aldrich, 

cat # 410896) was initially dissolved at 1% w/v in ethanol and then diluted to 0.01% w/v 

in the MeHA solution. 15 μL of the hydrogel solution was sandwiched between a 12 mm 

poly-d-lysine treated glass coverslip to permit hydrogel binding and a nonadherent 

dichlorodimethylsilane (Acros Organics, cat # AC11331)-activated glass slide to achieve 

easy detachment and photopolymerized using a transilluminator (4 mW/cm
2
, UVP) 

emitting 350 nm wavelength UV light. Initial polymerization to create a hydrogel of 

approximately 100-200 Pascal required ~100 seconds of UV exposure. Subsequent 

polymerization to stiffen the hydrogel depended on exposure time but ranged from 90 to 

150 seconds, depending on the desired final modulus using 1% w/v Irgacure and the 

degree of methacrylation as measured by NMR.
143

 Protein for cell attachment was added 

by mixing 20 mM 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide (ProteoChem, cat # 

c1100), 50 mM N-hydroxysuccinimide (Alfa Aesar, cat #A10312), and 150 μg/mL type I 

rat tail collagen (Corning, cat # 354236) dissolved in PBS. The collagen-crosslinker 

solution was added to the hydrogel and incubated overnight at 37 C. 

For experiments involving PA hydrogels, 12 mm glass coverslips were 

methacrylated by first oxidizing the surface via UV/ozone exposure (BioForce 

Nanosciences) followed by functionalization with 20 mM 3-(trimethoxysilyl)propyl 

methacrylate (Sigma-Aldrich, cat # 440159) in ethanol. A polymer solution containing 

either 3%/0.03% acrylamide/bis-acrylamide (Fisher) for soft hydrogels or 5%/0.15% for 



42 

stiff hydrogels, 1% v/v of 10% ammonium persulfate (Fisher), and 0.1% v/v of 

N,N,N‟,N‟-Tetramethylethylenediamine (VWR) was prepared. 15 μL of hydrogel 

solution was sandwiched between a functionalized coverslip and a 

dichlorodimethylsilane-treated glass slide and polymerized for 15 minutes. Hydrogels 

were incubated in 0.2 mg/ml sulfo-SANPAH (Fisher, cat # 22589) in sterile 50 mM 

HEPES pH 8.5, activated with UV light (wavelength 350 nm, intensity 4 mW/cm
2
) for 10 

minutes, washed three times in HEPES, and then incubated in 150 μg/mL collagen 

solution (Corning) overnight at 37ºC. 

2.5.3 Atomic force microscopy and force spectroscopy  

Hydrogel stiffness measurements were determined by atomic force microscopy 

(MFP-3D Bio, Asylum Research) with a silicon nitride cantilever (NanoAndMore USA 

Corporation, cat # PNP-TR). Tip deflections were converted to indentation force for all 

samples using their respective tip spring constants and Hooke‟s Law. All AFM data was 

analyzed using custom-written code in Igor Pro (Wavemetrics) to determine Young‟s 

Modulus as previously described based on a Hertz model.
154

 Note that code is available at 

http://ecm.ucsd.edu/AFM.html and simply requires MATLAB to run. Conversely, 

protein tethering quantification by force spectroscopy was analyzed as previously 

described.
144

 Cantilevers were functionalized with an anti-collagen type I antibody 

(Sigma, cat # C2456), or avidin (Prospec, cat # PRO-500) using a previously 

established method. Briefly, cantilevers were cleaned with chloroform and immersed 

in ethanolamine-HCl in dimethyl sulfoxide. Tips were incubated in 

bis(sulphosuccinimidyl)suberate (Fisher, cat # 21580), rinsed, and then immersed 

either in an antibody or avidin solution to crosslink the protein to the tip. Force curves 

http://ecm.ucsd.edu/AFM.html
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were taken in a regular 10 × 10 array of points spaced ~10 μm apart. To promote 

binding of the antibody to collagen or avidin to biotin, a dwell time of 1 s was added 

between approach and retraction cycles. Force curves were converted to force versus 

tip position. Z-position curves and then analyzed for rupture events using a previously 

described algorithm; rupture events were then determined. 

2.5.4 Cell culture 

MCF10A cells were cultured as previously described.
127

 Briefly, cells were 

maintained in growth media containing DMEM/F12 (Gibco, cat # 11320) with 5% Horse 

serum (Omega Scientific, cat # DH-05), 20 ng/mL hEGF (Peprotech, cat # AF-100-15), 

0.5 μg/mL hydrocortisone (Sigma, cat # H0888), 100 ng/mL Cholera toxin (List 

Biological Laboratories, cat # 100B), 10 μg/mL insulin, and 10 U/mL Pen/Strep (Gemini 

Bio-Products, cat #400-109). Upon reaching about 80% confluency, cells were treated 

with 0.05% trypsin (Gibco, cat # 25300054) for 5 minutes to dissociate cells. Trypsin was 

neutralized with DMEM/F12 with 20% horse serum and 10 U/mL pen/strep and replated 

in growth media for future cultures.  

For hydrogel experiments, cells were cultured in assay media containing 

DMEM/F12 with 2% Horse serum, 5 ng/mL hEGF, 0.5 μg/mL hydrocortisone, 100 

ng/mL Cholera toxin, 10 μg/mL insulin, and 10 U/mL Pen/Strep. After trypsinization, 

cells were resuspended in a combination of assay media and 2% Matrigel (Corning, cat # 

354277) for seeding onto collagen functionalized HA gels directly at 3000 cells/well. 

Media was exchanged every 4 days. To preform spheroids, MCF10As were added to 

rinsed Aggrewell 400 plates (Stem Cell Technologies, cat # 34411) and seeded at 50-500 

cells per spheroid as per the manufacturer‟s directions using 0.25% Methocult (Stem Cell 
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Technologies, cat # H4434). The spheroids were then cultured in assay media prior to 

resuspension and seeding using 2% Matrigel onto functionalized HA hydrogels. After 

preculture, hydrogels were incubated in media plus 0.5 mg/mL Irgacure 2959 for 30 

minutes at 37
o
C. The hydrogels were then stiffened using UV light (350 nm) exposure for 

approximately 2 minutes. All controls and unstiffened samples were treated with the 

same UV exposure. Post-stiffening hydrogels were rinsed with 1x media volume of PBS 

and then placed back into assay media. Cell apoptosis was probed using a p53 antibody 

(Thermo, cat # AHO0152, 1:250). For experiments investigating the addition of TGF-β, 

TGF-β was first dissolved in 10 mM acetic acid before addition to assay media at a 

concentration of 5 ng/mL. To determine cell adhesion to hydrogel surface, cells were 

seeded onto the surface of hydrogels and given 30 minutes to adhere. After 30 minutes, 

cells were washed three times and the number of cells remaining was counted.   

Galunisertib (Selleckchem, cat # S2230) was stored at -80°C and Verteporfin 

(Cayman Chemical, cat # 17334) was stored at -20°C suspended at 10 mM and 50 

mg/mL respectively in dimethylsulfoxide (Sigma, cat #D2650).  For experiments 

inhibiting TGFβ or YAP, Galunisertib or Vertiporfin was added to sample assay media to 

produce a final concentration of 10 µM. Galunisertib was added immediately following 

seeding for soft or stiff samples and was added prior to stiffening for the stiffened 

samples to the assay media and was maintained post stiffening. Verteporfin was added 

immediately following seeding (for soft or stiff samples) or immediately following 

stiffening (for stiffened samples).   

2.5.5 Primary and secondary screening assay 
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MCF10A cells were seeded at 10
4
/cm

2
 onto protein-coated MeHA hydrogels prior 

to overlay as described above for data in Figures 1-3 and Supplemental Figures 1-4. 

Hydrogels were dynamically stiffened on days 2, 4, 6, 8, and 10 post seeding. Unseeded 

control hydrogels were tested concurrently with the AFM to determine their Young‟s 

modulus to ensure repeatable stiffening. Cell morphology was characterized by 

determining the percent acini remaining post stiffening up to 5 days after the stiffening 

event. For Figures 4-6 and Supplemental Figures 5-9, soft and stiff MeHA hydrogels 

were seeded with a MCF10A preformed spheroids at approximately 250 or 500 cells per 

spheroid as indicated or, if not, at 250 cells per spheroid. After two days of culture, a 

subset of the soft hydrogels was subjected to stiffening. All samples with and without 

Irgacure were subjected to the same UV exposure. Post stiffening, the hydrogels were 

rinsed with 1x PBS and placed back into assay media. Morphology of the cells was 

observed daily and percent acini remaining was determined up until day 5.  

Acini were separated from spread cells using an EDTA rinse to remove for 

replating onto soft or stiff substrates to perform a secondary screen. The spread cells were 

removed using trypsin and seeded onto soft and stiff substrates for an additional 

secondary screen. In all cases, the cells were cultured on the substrates for 2 days prior to 

the stiffening event and the percent remaining acini was determined.  

2.5.6 Immunostaining and analysis 

Hydrogels were rinsed with PBS containing 250 mM MgCl2 (Solution A) and 

fixed using 3.7% formaldehyde in Solution A for 15 minutes at RT. Samples were then 

rinsed 2x with Solution A.  Matrigel was removed by adding PBS with 5 mM EDTA 

(Fisher, cat # BP20-1) to the hydrogels and incubated at 4C for 30 minutes. Samples were 
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then rinsed with cold PBS  and permeabilized using 0.5% Triton-X 100 for 15 minutes at 

RT. Blocking was carried out in a  20% goat serum + 0.2% Triton-X 100 in PBS solution 

for 30 minutes at RT. Primary antibodies were then incubated overnight at 4C with the 

following dilutions: Anti-laminin (abcam, ab11575, 1:100); E-cadherin (BD, 610181, 

1:50); pSMAD2/3 (Cell Signaling Technology, D27F4, 1:100); SMAD2/3 (Cell 

Signaling Technology, D7G7, 1:1600); TWIST (Santa Cruz Biotechnology, sc-81417, 

lot: J2213, 1:25); YAP (Santa Cruz Biotechnology, sc-101199, 1:50). Samples were 

rinsed 3x with PBS for 5 min and incubated with secondary antibodies (Goat anti-mouse 

488 (Invitrogen, A11004, lot 1218263)/ Goat anti-rabbit 568 (A11011, Lot 1345045)) for 

1 hour in 20% goat serum + 0.2% Triton-X 100 in PBS at RT. Samples were rinsed 3x 

with PBS for 5 min and nuclei were counterstained using Hoechst 33342 (Invitrogen, 

H3570, 1:7500) or DAPI for 15 min at RT in PBS. They were then rinsed 3x with water 

and mounted onto glass slides using Fluoromount-G (Southern Biotech, cat # 0100-01). 

After waiting 1 hour, mounted samples were sealed using clear nail polish. Samples were 

kept at 4C until imaging on a Zeiss LSM 780 confocal using a 40x water immersion 

objective. For IF images shown, z-stacks were acquired and max intensity projections 

were made using ImageJ unless otherwise noted in the figure legend. No non-linear 

modifications were made to acquired images utilized for analysis.  

Individual cells were analyzed for SMAD2/3, TWIST, and/or YAP nuclear 

localization using ImageJ.  In addition to DAPI, samples were counterstained for 

combinations of SMAD and TWIST or SMAD and YAP as described above.  DAPI 

staining was used to identify the cell‟s nuclear region which was measured for the 

average fluorescent intensity of the protein of interest.  Measurements were then 
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normalized to the cell‟s average cytoplasmic fluorescent intensity producing the nuclear 

to cytoplasmic ratio presented.  Spreading and proliferation were also assessed using 

ImageJ.  Bright field images were used to determine the central acinus‟ margins for 

individual cell colonies. This region was then superimposed on identical DAPI stained 

images which were converted to a binary mask.  Particles outside the margins were 

identified as spreading cells and were counted and measured for X and Y positions to 

produce a number of spreading cells and migratory distance per colony.   

2.5.7 Statistical analysis 

Statistical significance was determined using an ANOVA with Tukey's post-hoc 

analysis unless otherwise denoted, with the threshold for significance level set at p<0.05. 

Means are reported ± standard deviation for all experiments.  
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2.6 Supplementary Figures 

 

 

Supplementary Figure 2.1. Characterization, polymerization, and cell seeding onto methacrylated 

hyaluronic acid (MeHA) hydrogels 

(A) NMR spectra of synthesized methacrylated HA with inset image of the HA backbone with letters 

indicating which peaks correspond to regions of the molecule. (B) Images of cryosectioned MeHA 

hydrogels having undergone one (partially) or two (fully) cycles of crosslinking. (C) Schematic of 

MEC seeding onto the hydrogels relative to the two-stage crosslinking processes. (D) Illustration 

of how the partially crosslinked MeHA is functionalized with collagen and cells are seeded in 

Matrigel overlay before becoming fully crosslinked. 
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Supplementary Figure 2.2. Stiffening is dependent on the presence of both a free radical donor and UV 

light 

Plot displays MeHA hydrogel stiffness, as measured by AFM, for the combinations of Irgacure initiator and 

UV shown (n = 5 or more hydrogels with >20 measurements per gel/bar). 

 

 

Supplementary Figure 2.3. Stiffening does not induce DNA damage 

MECs were exposed to UV radiation for the indicated time and resulting images of p53 activation, which is 

indicated by phosphorylation at Ser392 (red), are shown. 
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Supplementary Figure 2.4. Separation of acini and spread cells from MEC cultures 

Images and the timeline highlight the differential typsinization steps required to separate acini (open 

arrows) from spread cells (close arrows). Substrates first have their Matrigel overlay removed by EDTA, 

then acini are removed using trypsin and a gentle wash, and finally the spread cells are removed by an 

additional, longer trypsin incubation.  

 

 

Supplementary Figure 2.5. E-Cadherin junctions and spreading do not exhibit memory from acinar culture 

MECs that remained in acinar structures post-stiffening and were re-plated onto 100 Pa, 3000 Pa, and 

substrates stiffened from 100 to 3000 Pa were imaged for actin (red), E-cadherin (green), and nuclei (blue). 

Images are show at days 2 and 5 and represent both spread and acinar morphologies depending on the 

niche. Scale bar is 200 and 30 µm for low and high magnification images, respectively.   
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Supplementary Figure 2.6. E-Cadherin junctions and spreading do not exhibit memory from EMT culture 

MECs that spread post-stiffening were re-plated onto 100 Pa, 3000 Pa, and substrates stiffened from 100 to 

3000 Pa were imaged for actin (red), E-cadherin (green), and nuclei (blue). Images are show at days 2 and 

5 and represent both spread and acinar morphologies depending on the niche. Scale bar is 200 and 30 µm 

for low and high magnification images, respectively.   
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Supplementary Figure 2.7. Exogenous TGF-β reduces remaining acini 

(A) Brightfield images show MCF10A acini plated onto 100 Pa and 3000 Pa hydrogels as well as 100 Pa 

substrates that were stiffened to 3000 Pa at day 2 post-TGF-β addition and re-plating. (B) Plot shows 

quantification of the percent acini remaining as a function of time on the hydrogel (n >2 biological 

replicates containing 50 acini/condition). *p <0.05 by two-way ANOVA with Tukey's post-hoc analysis.   
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Supplementary Figure 2.8. Exogenous TGF-β influences E-cadherin expression 

Immunofluorescent images of MCF10A cells, preclustered via aggrewells and then cultured on the 

indicated MeHA hydrogels (A) in the absence or (B) presence of exogenously added TGF-β for the 

indicated number of days. Low magnification images show actin staining (red) whereas higher 

magnification images show E-cadherin localization (green); nuclei are stained with DAPI (blue). Dynamic 

stiffening occurred for hydrogels in the middle rows at the indicated time point. Arrowheads indicate 

regions that have begun to hallow. Scale bar is 200 and 30 µm for low and high magnification images, 

respectively. 
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Supplementary Figure 2.9. SMAD phosphorylation in MECs on stiffened or stiff substrates. 

Immunofluorescent images of p-SMAD (red) and nuclei (blue). Arrowheads indicate cells that are positive 

for SMAD phosphorylation. Scale bar is 50 μm. 
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Supplementary Figure 2.10. TGF-β inhibition via galunisertib reduces MCF10A spreading on stiffened 

hydrogels 

(A) Immunofluorescent images of SMAD2/3 (red) and TWIST (green) in MCF10A cells grown on 

stiffened hydrogels and treated with Galunisertib. Hollow arrowheads indicate cells that are negative for 

markers. (B) Plot of the nuclear to cytoplasmic intensity ratio for Twist and SMAD (n=100 cells). 

Delineated lines indicate cells that are positive or negative for the markers based on controls in Figure 6B. 

(C) Fluorescent images of cells on stiffened substrates selectively treated with 10 µM Galunisertib and 

stained with Hoechst (blue). Scale bar is 100 µm.  (D) Histogram plot of distance traveled from the acinus 

for cells in drug treated (grey) and non-treated (black) groups. ****p <10
-4

 by two-way ANOVA for both 

distance and drug treatment (n = 12 acini/condition/experiment from duplicate assessments). (E) The total 

number of cells migrating out of MCF10A acini is plotted for untreated (white) and Galunisertib-treated 

cells (gray; n = 12 acini/condition/experiment performed in duplicate). ****p <10
-4

, unpaired t-test with 

Welch‟s correction.  
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Supplementary Figure 2.11. SMAD inhibition does not prevent YAP nuclear localization 

(A) Immunofluorescent images of SMAD2/3 (red) and YAP (green) for MCF10A cells grown on stiffened 

hydrogels and treated with Galunisertib. Hollow arrowheads indicate cytoplasmic localization of SMAD2/3 

and filled arrowheads indicate nuclear localization of YAP. (B) Plot of the nuclear to cytoplasmic intensity 

ratio for YAP and SMAD2/3 (n=100 cells). Delineated lines indicate cells that are positive or negative for 

the markers.  
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Supplementary Figure 2.12. Verteporfin reduces YAP expression in MECs on stiffened MeHA hydrogels 

(A) Immunofluorescent images of SMAD (red) and YAP (green) for MCF10A cells grown on stiff 

hydrogels and treated with Verteporfin. (B) Nuclear intensity of YAP expression in cells with or without 

Verteporfin added. ****p <0.0001, unpaired t-test with Welch‟s correction. 

 

 



58 

 

Supplementary Figure 2.13. Verteporfin reduces MECs migration on stiffened MeHA hydrogels 

(A) Fluorescent images of cells on stiffened substrates that were selectively treated with Verteporfin after 

stiffening and stained with Hoechst (blue). (B) The total number of cells migrating out of MCF10A acini is 

plotted for untreated (white) and Verteporfin-treated cells (gray; n = 12 acini/condition/experiment 

performed in duplicate). **p <0.01, unpaired t-test with Welch‟s correction.  
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Chapter 3. 

Non-coding genomic regulation identified in 

human cardiomyocytes 

3.1 Abstract 

Understanding how common polymorphisms in non-coding regions regulate 

function is difficult. As a model system, we examined how a portion of the long non-

coding RNA ANRIL, which arose only in primates and humans in the 9p21 locus, 

regulates cardiac phenotypes associated with fibrotic remodeling. To understand how 

niche remodeling may regulate ANRIL‟s effect, induced pluripotent stem cell-derived 

cardiomyocytes (CMs) from patients homozygous for the risk (R/R) or non-risk (N/N) 

9p21.3 locus were cultured on a methacrylated hyaluronic acid hydrogel capable of 

mimicking cardiac fibrotic stiffening. While CMs contracted synchronously in 

physiological niche independent of genotype, only R/R CMs exhibited asynchronous 

contractions due to a loss of connexin 43 expression after stiffening. Increased short 

ANRIL isoform expression in R/R CMs mediated a c-Jun N-terminal kinase (JNK) 

phosphorylation-based mechanism to impair gap junctions after stiffening. Locus deletion 

or treatment with a JNK antagonist after stiffening was sufficient to prevent 

asynchronous contraction by maintaining gap junctions, suggesting a mechanism that 

could contribute to the asynchronous phenotype. Thus specific niche changes can 

differentially affect cell function and identify unique regulation, even for non-coding loci. 
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3.2 Main 

Cardiovascular disease is multivariate, but a significant portion of the risk is 

genetic. 10
6
+ disease-associated single nucleotide polymorphisms (SNPs) in the human 

genome have been identified.
155

 The vast majority of risk-associated SNPs cluster in non-

coding regions, complicating our understanding of their function.
156

 As a model locus in 

which to study the mechanisms of non-coding variants, we investigated the 9p21.3 locus, 

which has a robust association with a range of diseases including coronary artery disease 

(CAD). Despite approximately 21% of the population being homozygous for the risk 

haplotype,
157

 the impact of the most common haplotypes on cellular function is unclear. 

The 9p21 locus itself is flanked by cyclin-dependent kinase inhibitor 2A (CDKN2A) and 

2B (CDKN2B) genes and intersects part of a long non-coding RNA known as ANRIL 

(CDKN2B-AS1).
157–159

 Analyses of an orthologous knockout mouse on chromosome 4 

found reduced CDKN2A and CDKN2B expression in cardiac tissue,
160,161

 but such result 

is difficult to interpret because of limited sequence conservation of ANRIL in animals 

below primates.
162

 Moreover, ANRIL expression
163

 and its alternative splicing may be 

context specific, complicating our understanding of risk mechanism.
164,165

 

Given the challenges with interpreting results from prior approaches, new 

methods to create human induced pluripotent stem cells (iPSCs) and to assess their 

function in context-specific assays could offer an alternative.
166

 Patient-specific iPSCs 

afford the opportunity to examine how specific risk haplotypes affect function, but given 

substantial genomic variation and the likely presence of additional cardiac risk regulators 

outside of 9p21,
156,167

 we have previously adopted a genome-editing strategy
168

 to 

isogenically assess function. To assess relevant changes in function for cardiomyocytes, 
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it is important to recapitulate niche stresses. For example, myocardial remodeling 

associated with CAD and subsequent myocardial infarction
169

 could affect how SNPs 

regulate the genome, which could impact cardiomyocyte function and lead to higher 

prevalence of arrhythmic cardiac death observed in homozygous haplotypes;
167,170,171

 

conversely culture on substrates with stiffness outside of a myocardial range or of 

constant stiffness would not recapitulate dynamic changes in the niche. Recently 

developed biomaterials address this with two-stage crosslinking; methacrylated 

hyaluronic acid (MeHA; Figure 1A) is initially crosslinked into a soft matrix before in 

situ dynamic stiffening in the presence of cells (Figure 1B-E).
44,143

 The combination of 

these two technologies serves as a unique platform to investigate how the risk haplotype 

alters function in response to a mechanical stress such as fibrotic-like stiffening. We find 

that patient-derived cardiomyocytes independent of genotype function normally on static 

soft matrices, but that on dynamically stiffened matrix, only homozygous risk haplotype 

carriers contract out of synch with each other, resulting from of a loss of gap junctions 

through short isoform-specific ANRIL-mediated suppression of the CDKN2A gene and 

activation of c-Jun N-terminal kinase (JNK) phosphorylation. Our findings broadly 

indicate that disease modeling with iPSCs may require context appropriate mechanical 

stresses and that responses can be induced to identify signaling mechanism as complex as 

non-coding RNA regulation of the cardiac transcriptome. 
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Figure 3.1. MeHA synthesis and schematic of dynamic stiffening. 

 (A)  NMR spectrum of 50 kDa HA after methacrylate functionalization (degree of methacrylation ~40%). 

Inset image shows the MeHA structure. (B) Plot of AFM-measured stiffness for hydrogels of “partially 

crosslinked” (10 kPa or “physiological”), “stiffened” (i.e. a hydrogel originally crosslinked to 10 kPa 

before additionally stiffened to 50 kPa), and “stiff” (50 kPa) MeHA. (C) Schematic illustrating cell seeding 

on soft MeHA substrates followed by sequential, in situ dynamic stiffening. (D) MeHA hydrogels stained 

with hemotoxylin and eosin to visualize crosslinking. Scale bar is 10 microns. (E) Timeline indicating cell 

seeding, dynamic stiffening induction, and analysis. 

3.3 Results 

3.3.1 Cardiomyocytes with risk variants exhibit asynchronous contractions with 

dynamic stiffening. 

iPSCs from patients homozygous for the risk alleles at rs1333049, rs2383207, and 
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rs10757278 (labeled as R/R) as well as two healthy individuals homozygous for the non-

risk alleles (labeled as N/N; Supplemental Figure S1A) were obtained from previous 

related studies.
168

 Cardiomyocyte differentiation efficiency, analyzed by dual expression 

of cardiac troponin T (cTnT) and smooth muscle actin positive cells (SMA) expression, 

was ~85% across multiple patient lines and independent of risk haplotype (Supplemental 

Figure S1B); mRNA expression of myosin light chain (MLC) 2a and 2v and myosin 

heavy chain (MHC) 6 and 7 further indicates similar cardiac maturation across patients 

lines and haplotype (Supplemental Figure S1C). Conversely, ectoderm, endoderm, 

mesoderm, and vascular cell markers were minimally expressed except for the 

mesenchymal marker THY1, though its expression was still similar across patients lines 

and haplotype (Supplemental Figure S1D).  

Since the risk haplotype did not affect maturation, we hypothesized that an 

environmental cue, such as matrix stiffness, which increases 5-fold during wall 

remodeling,
169

 could mimic the mechanical stress present during an infarct and induce 

altered behavior in R/R myocytes. When cultured in softer conditions, e.g. 10 kPa (Figure 

1B),
9,169,172,173

 myocyte transients within each line were highly coordinated, indicating 

synchronous excitation-contraction coupling (Figure 2A-B, Supplemental Movies 1-2). 

When cultures were dynamically stiffened, e.g. up to 50 kPa per Figure 1E,
169,174,175

 only 

myocytes derived from patients with the risk haplotype present exhibited asynchronous 

contractions, as determined by lower correlation coefficients, versus N/N cells lacking 

the haplotype (Figure 2A-B, Supplemental Movies 3-4).  

To control for genomic variability outside of 9p21, we obtained isogenic lines 

from which the R/R locus was deleted (Supplemental Figure S2A), i.e. R/R KO, as well 
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as edited lines where the locus was not removed, i.e. R/R WT.
168

 It should be noted that 

the deleted region overlaps a portion of both ANRIL and the 9p21 locus, but it is not a 

complete deletion of either. Haplotype editing did not affect pluripotency (Supplemental 

Figure S2B) or lineage commitment, i.e. 85% of cells were cTnT and SMA positive post-

cardiac differentiation (Supplemental Figure S2C). Deletion in cardiomyocytes was 

confirmed via the presence or lack of long ANRIL isoforms, which are contained within 

the 9p21 locus (Supplemental Figure S2D). Similar cardiac and non-cardiac marker 

expression was observed compared to previous lines (Supplemental Figure S2E-F). R/R 

WT myocytes beat asynchronously only on dynamically stiffened substrates, indicating 

that the editing process did not alter cardiomyocyte function. However, haplotype editing, 

restored synchronous contractions in R/R KO myocytes, suggesting that the risk 

haplotype is responsible for transient synchronization (Figure 2C-D, Supplemental 

Movies 5-6).  

Although changes in patient matched calcium transient metrics pre- and post-

stiffening were slightly different in R/R cells versus N/N cells, no statistically significant 

differences were observed for transient frequency, amplitude, or flux per contraction in 

R/R KO versus R/R WT cells (Supplemental Figure S3A-C). These data suggest that 

Ca
2+

 handling itself is independent of the risk haplotype. In addition, similar differences 

were observed on static stiff substrates of 50 kPa (Supplemental Figure S3D-F), 

suggesting that dynamic stiffening did not account for the majority of differences in 

calcium transient metrics. Finally for both dynamically stiffened and static stiff matrices, 

we do not observe substantial peak-to-peak or amplitude variance in the calcium 

transients (Supplemental Figure S3G-J). 
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To ensure that the asynchronicity observed in R/R cells occurred due to dynamic 

stiffening and not due to the stiffening mechanism, calcium flux, or inherent stiffness of 

the hydrogels, a number of controls were performed. Given that stiffening utilizes a UV-

based radical polymerization, we assessed whether UV damage contributed to 

asynchronicity in R/R cells. First we assessed the impact of UV exposure on myocytes 

and found little accumulation of phosphorylated p53 for 2-minute UV exposure, i.e. the 

time needed to stiffen from softer 10 to stiffer 50 kPa; although there was significant 

expression after 15 minutes (Supplemental Figure S4A), that is more than 7-fold longer 

than required from the dynamics required here. Conversely, we did not find that UV 

exposure affected connexin 43 localization at junctions (Supplemental Figure S4B). Next, 

we found R/R WT myocytes cultured on static soft polyacrylamide hydrogels and 

exposed to UV and free radicals for 2 minutes from UV-activated Irgacure, both of which 

are required for MeHA hydrogel crosslinking, maintained synchronicity and had similar 

calcium flux dynamics (Supplemental Figure S4C-F). Given that polyacrylamide 

hydrogels are incapable of additional stiffening, this data suggests that dynamic stiffening 

induced the R/R phenotype observed rather than the crosslinking mechanism.  To further 

rule out a loss of cell adhesion causing impaired conduction, we assessed cell density pre- 

and post-stiffening; again no statistically significant differences were observed across 

patient lines (Supplemental Figure S4G). To ensure that myocyte asynchronicity was not 

due to intrinsic defects in calcium flux, R/R WT cardiomyocytes on dynamically 

stiffened substrates were externally paced. Significantly higher correlation coefficients 

were present in paced versus unpaced cells (Supplemental Figure S5A-B), suggesting that 

asynchronicity is the result of impaired signal propagation, not internal flux. Additional 



67 

comparisons between myocytes with and without the R/R haplotype on substrates that 

were always stiff, e.g. 50 kPa, exhibited mainly synchronous contractions (Supplemental 

Figure S6A-B). Together these data suggest that the onset of mechanical stress, rather 

than a pathologically stiff condition itself, greatly exacerbates the phenotype. Lastly, 

given that some studies have demonstrated that healthy human heart stiffness can be 20 

kPa,
15

 we cultured R/R KO and WT cells on 20 kPa substrates to ensure that it did not 

induce the pathological results observed when substrates are stiffened to 50 kPa. We 

observed minimal differences in calcium transient metrics (Supplemental Figure S3K-O) 

and no decrease in synchronicity (Supplemental S6C).   
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Figure 3.2. Asynchronous calcium flux in R/R iPSC-derived cardiomyocytes after dynamic stiffening. 

(A) Representative spontaneous Ca
2+ 

transients plotted as the fluorescent intensity F-ratio over a 10 second 

time interval are shown for R/R and N/N cardiomyocytes cultured on soft and stiffened MeHA substrates. 

The different colors represent transients for different cells. (B) Contraction correlation coefficient (n = 8-20 

videos) for R/R and N/N cardiomyocytes were graphed. (C) Representative spontaneous Ca
2+ 

transients 

plotted as the fluorescent intensity F-ratio over a 10 second time interval are shown for R/R WT and KO 

cardiomyocytes cultured on soft and stiffened MeHA substrates. The different colors represent transients 

for different cells. (D) Contraction correlation coefficient (n = 21-23 videos) were graphed. *p<0.05, 

**p<0.01, and ***p<0.001 based on one way ANOVA-Tukey for the indicated comparisons. 

 

3.3.2 Gap junction remodeling results from stiffening 

Gap junctions primarily regulate myocyte electrical conduction, so we determined 

whether alterations in expression or localization of connexin 43, the most predominant 

gap junction protein found in ventricular cardiomyocytes,
176

 caused asynchronicity in 
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R/R myocytes when cultures were dynamically stiffened. Dynamic stiffening resulted in 

reduced mRNA expression in R/R cardiomyocytes (Figure 3A) but not for R/R cells on 

static stiff 50 kPa substrates (Supplemental Figure S7A), again suggesting that the 

phenotype is induced by stiffening. Consistent with this finding, dynamic stiffening 

resulted in reduced protein expression of connexin 43 but not destabilization, which is 

commonly associated with Ser368 phosphorylation (Figure 3B-C). To further illustrate 

this, connexin 43 localization was analyzed; all genotypes formed functional gap 

junctions on static soft substrates, while dynamic stiffening resulted in reduced connexin 

43-containing punctae only in R/R cardiomyocytes (Figure 3D). All myocytes on static 

substrates of 20 and 50 kPa exhibited appropriate connexin 43 expression (Supplemental 

Figure S7B-C), suggesting that decreased connexin 43 is unique to risk haplotype 

myocytes in the dynamically stiffened condition and consistent with an increased 

propensity for arrhythmias. In addition to electrical conduction, gap junctions link 

cytoplasm of adjacent myocytes; if connexin expression is perturbed, functional deficits 

should exist in cytoplasm exchange. Indeed when cardiomyocytes were scraped, cells at 

the leading edge loaded with Lucifer Yellow dye and 10 kDa rhodamine dextran, and 

after dynamic stiffening, R/R cardiomyocytes exhibited reduced Lucifer Yellow dye 

transfer versus cardiomyocytes from other genotypes; the larger dextran did not 

propagate beyond the first row of cells (Figure 3E-F). These data again suggest that 

connexins were perturbed preferentially with dynamic stiffening and exclusively in the 

presence of the risk haplotype. 

Loss of connexin localization could also feedback to cells to impair contractility 

and disturb myofibril organization as seen in cardiomyopathies and heart failure.
177–179
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Thus we assessed sarcomere organization via the Z-band protein α-actinin and found that 

only R/R cardiomyocytes cultured on dynamically stiffened substrates lacked assembled 

sarcomeres (Supplemental Figure S8A); data were substantiated by unbiased FFT 

analyses
180,181

 of patient-matched organizational differences between pre- and post-

stiffening as well as static 20 and 50 kPa substrates (Supplemental Figure S8B-D). 

Despite global organization differences, the sarcomere assembly process was not 

impaired as striations, when present, were of mature length (Supplemental Figure S8E-

G), suggesting that function and not differentiation depended on presence of the risk 

haplotype. 
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Figure 3.3. Gap junction and sarcomere remodeling in R/R iPSC-derived cardiomyocytes after dynamic 

stiffening. 

(A) mRNA expression for connexin 43 was plotted (n = 6 or 7 samples). Stiffened values were normalized 

to those on soft substrates. (B) Blots showing phosphorylated and total connexin 43 expression for the 

indicated patient line. Values were normalized to GAPDH expression as a loading control and plotted in 

panel C (n = 3 blots). Human umbilical vein endothelial cells (HUVECs) were used as a positive control. 

(D) Immunofluorescent images are shown for connexin 43 (red) and DAPI (blue) for the indicated iPSC-

cardiomyocyte patient types and bioreactor conditions. Arrowheads indicate regions of assembled connexin 

43. Scale bar, 10 µm. (E) Representative images demonstrating the transfer of Lucifer yellow dye for the 

indicated hiPSC-CM patient types and bioreactor conditions. Rhodamine dextran images are included to 

indicate where the cut was made. Scale bar, 100 μm. (F) Quantification of the distance the dye traveled was 

plotted (n = 15 cuts), normalized to the distance traveled on soft substrates. *p<0.05, **p<0.01, and 

***p<0.001 based on one way ANOVA-Tukey for the indicated comparisons. 
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3.3.3 Specific ANRIL isoforms regulate JNK activation to induce myocyte 

asynchronicity 

We next determined how the risk haplotype alters expression of the non-coding 

RNA ANRIL to induce gap junction remodeling. We first examined ANRIL RNA 

expression, which can be expressed in short or long variants (e.g. exons 18-19).
182

 Using 

primers that would measure total ANRIL (exons 5-6), we found higher expression in R/R 

cardiomyocytes compared to patient cells either with a normal haplotype or those edited 

to lack the haplotype (Figure 4A). In addition, we observed increased expression of the 

short ANRIL isoform in R/R cardiomyocytes compared to N/N and R/R KO 

cardiomyocytes (Supplemental Figure S9A) but no difference for long ANRIL isoform 

expression for R/R cardiomyocytes compared to N/N cardiomyocytes (Supplemental 

Figure S2D), implying that effects are mediated by short isoforms. Despite intrinsic 

expression differences as a function of haplotype, ANRIL expression did not change with 

either dynamic stiffening or static 50 kPa stiffness (Supplemental Figure S9B-G). Given 

that ANRIL expression suppresses activity of adjacent cell cycle regulators,
183–185

  we 

next measured the expression of p16, a protein produced by CDKN2A and is associated 

with cellular stress responses.
186

 p16 RNA transcript was significantly increased in 

response to dynamic stiffening in N/N and R/R KO cardiomyocytes compared to R/R 

cardiomyocytes (Figure 4B); these data suggest that cellular stress brought on by 

dynamic stiffening is managed by p16 in the absence of excessive ANRIL to prevent 

downstream deleterious remodeling. Higher p16 expression appears specific to the 

mechanical stress induced by dynamic stiffening to compensate and maintain myocyte 
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junctions as higher basal stiffness does not induce a similar response (Supplemental 

Figure S10).  

To better understand how ANRIL and p16 expression changes connect to reduced 

connexin 43 expression, we performed a phospho-kinase screen that measures 43 

different kinase activities. Dynamic stiffening dependent reduction was observed in 

extracellular signal-regulated kinase (ERK) activity that appeared independent of the risk 

haplotype. In addition, marked up-regulation was observed in JNK phosphorylation (p-

JNK) as well as possible downstream targets cyclic AMP responsive element binding 

protein (CREB) and heat shock protein 27 (HSP27) in R/R myocytes compared to N/N or 

R/R KO myocytes after dynamic stiffening (Supplemental Figure S11). To validate this 

finding, phosphorylated and total JNK expression was measured for myocytes on static 

soft and dynamically stiffened hydrogels. p-JNK expression was significantly increased 

in R/R cardiomyocytes immediately after dynamic stiffening compared to N/N and R/R 

KO cardiomyocytes where it was suppressed (Figure 4C-D). We further modulated JNK 

phosphorylation to determine its impacts on myocyte function when cultures were 

dynamically stiffened. In the presence of the p-JNK antagonist SP600125 and after 

dynamic stiffening, JNK phosphorylation was inhibited (Figure 4C-D), which restored 

coordination of calcium transients in adjacent R/R cardiomyocytes despite a dynamically 

stiffened matrix (Figure 4E); inhibition also improved α-actinin localization to Z-bands 

despite dynamic stiffening, but it did not change calcium dynamics (Supplemental Figure 

S12A-E). Chronic inhibition improved connexin 43 expression and altered localization 

(Figure 4F-H). Furthermore, inhibition resulted in improved gap function as measured by 

increased dye transfer compared to the dynamically stiffened condition (Figure 4I).  
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Figure 3.4. JNK-mediated dysfunction in R/R cardiomyocytes in response to a stiffened hydrogel. 

(A) mRNA transcript for total ANRIL via exons 5-6 and (B) p16 are plotted (n = 6 or 7 samples). Stiffened 

values were normalized to those on soft substrates for p16 expression whereas for ANRIL, data is 

normalized to N/N patient 1. (C) Blots showing phosphorylated JNK and total JNK expression for the 

indicated patient line (bottom). Lanes are shown as indicated for the presence of the JNK inhibitor 

SP600125 and time course post-stiffening. Values were normalized to GAPDH expression as a loading 

control and plotted in panel D (n = 3 blots). Isogenic patient line comparisons were intentionally separated 

from non-isogenic lines for the time course without inhibitor for clarity. (E) Contraction correlation 

coefficient for R/R cardiomyocytes on soft substrates, stiffened substrates, and stiffened substrates treated 

with the JNK inhibitor SP600125 was plotted (n = 10 videos). (F) Blots showing phosphorylated and total 

connexin 43 expression for the indicated patient line. Values were normalized to GAPDH expression as a 

loading control and plotted in panel G (n = 3 blots). (H) Immunoflurorescent images of connexin 43 (red) 

and DAPI (blue) for the conditions described above. Scale bar, 10 µm. (I) Quantification of the distance the 

dye traveled was plotted (n = 15 cuts). *p<0.05, **p<0.01, and ***p<0.001 based on one way ANOVA-

Tukey for the indicated comparisons. 
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While this proposed mechanism depends on ANRIL-mediated p-JNK activation, 

we next sought to determine if JNK activation alone, absent the risk haplotype, could 

activate downstream components of the pathway. R/R KO and WT myocytes were 

cultured on static soft hydrogels and treated with the p-JNK agonist Anisomycin in lieu 

of dynamic stiffening. Anisomycin-treated R/R WT cardiomyocytes lost connexin43 and 

α-actinin localization consistent with R/R cardiomyocytes cultured on dynamically 

stiffened hydrogels (Supplemental Figure S13A-C). Such pathway perturbations together 

suggest that ANRIL-mediated silencing of p16 enables myocytes to become sensitive to 

the detrimental effects of JNK phosphorylation changes, which include blocking 

connexin expression in the presence of stress. Previous studies have demonstrated that 

p16 prevents JNK phosphorylation in response to stress,
186

 and p-JNK, in turn, reduces 

gap junction expression in myocytes and contributes to arrhythmias,
187–189

 potentially via 

CREB.
190

 Thus these data and literature together suggest a complex pathway outlined in 

Figure 5 whereby the risk haplotype increases expression of the short ANRIL isoform to 

block p16 inhibition of JNK phosphorylation and CREB-mediated transcriptional 

suppression of connexin43. 
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Figure 3.5. Proposed mechanism for 9p21 regulation in cardiomyocytes. 

In R/R cardiomyocytes, increased ANRIL silences CDKN2A and thus in response to stress, e.g. stiffening, 

JNK phosphorylates and activates downstream targets that downregulate connexin43. In cardiomyocytes 

without the risk haplotype, there is insufficient ANRIL to silence p16, so stress-mediated JNK 

phosphorylation is blocked and connexin43 expression is maintained. Short dashed lines indicate portions 

of the pathway inferred from the literature. 

3.4 Discussion 

Association studies frequently identify variants in non-coding regions that 

correlate with disease but which have mechanisms that are difficult to study. This could 

be due to linkage disequilibrium
191

, overlapping risk regulators,
156,167

 divergent animal 

models,
160–162

 or require a co-variant stressor. As illustrated here, a genome-editing 

strategy
168

 to isogenically assess variants in patient-specific iPSC-derived 

cardiomyocytes along with their culture on a MeHA hydrogel to mimic remodeling 

associated with disease
169

 affected how the risk haplotype regulates the genome, 

impairing the coordinated contraction of cardiomyocytes in a manner potentially 

mirroring disease.
167,170,171

 While our approach specifically examined the 9p21 locus, the 

vast majority of loci remain undetermined
156

 and may be non-coding. Thus our data is 
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supportive of a general approach where suitable biological and cell systems are 

developed to explore mechanism(s) in vitro and under pathologically appropriate 

mechanical stress when in vivo assays are impractical or impossible. Of course this 

approach depends on the success of genetic strategies to appropriately isolate variants, on 

the affected cell type, and may also depend the maturation state of the iPSC-derived 

lineage, which while not fully mature here was similar across genotypes and consistent 

with previous methods.
30,47

 

Presence of risk variants directly caused asynchronous contractions and altered 

connexin 43 expression in R/R myocytes only after dynamic stiffening was induced; this 

phenotype was abolished when the risk haplotype was deleted isogenically. Increased 

susceptibility to mechanical stress can be explained by altered JNK activation in the R/R 

lines: JNK phosphorylation was higher in R/R myocytes compared to N/N or R/R KO 

cardiomyocytes only after dynamic stiffening and could be reversed by p-JNK inhibition. 

These findings are the first to our knowledge to demonstrate a stress-induced activation 

due to the expression of a non-coding RNA in cardiomyocytes using a biomaterial system.  

Although the effects of the risk haplotype or dynamic substrate stiffening on 

cardiomyocytes has not been clear to date, stress-mediated loss of connexin 43 in 

cardiomyocytes has been noted both in vitro and in vivo. Rabbit cardiac trabeculae 

subjected to load-induced hypertrophy in vitro downregulated connexin 43 expression 

compared to no-load conditions,
179

 which support previous studies that reported 

decreased connexin 43 expression in ischemic, hypertrophic, and failing human left 

ventricles.
192

 In addition, cyclic strain resulted in reduced connexin 43 mRNA transcript 

and increased heterogeneity in sarcomeric pattern in stem cell-derived cardiomyoctes 



78 

from patients with dilated cardiomyopathy compared to controls,
193

 suggesting a similar 

susceptibility to mechanical stress in other stem cell models albeit via a different 

mechanism.   

Pathways identified through this strategy in myocytes are not likely exclusive. 

Vascular smooth muscle cells (VSMCs) containing the risk haplotype also exhibit altered 

p15 and p16 expression,
194,195

 even when examining primary cells.
 
Global deletion of the 

orthologous 9p21 region in mice resulted in altered p15 and p16 expression, increased 

proliferation, and decreased senescence in VSMCs, but it failed to increase the 

development of atherogenic lesions, making pathogenesis unclear.
161

 However as we 

noted, there is limited ANRIL conservation in orthologous sequences,
162

 large expression 

changes,
163

 and significantly different alternative splicing.
164,165

 Thus, a human-centric 

approach using genome-edited iPSCs such as that described by our team elsewhere
168

 

may further clarify similarities in cell cycle regulation between cell types. In humans, p16 

suppresses JNK phosphorylation,
186

 which is activated in response to environmental 

stress and which down-regulates connexin43 in myocytes.
187–189,196

 Hits from the 

phospho-screen, e.g. CREB, which has also been shown to transcriptionally silence 

connexin43,
190

 and HSP27, a cardio-protective and apoptotic antagonist,
197

 further 

suggest regulation that induces arrhythmic contraction without inducing cell death in a 

human model, respectively. 

We confirm these data in myocytes here–despite caveats raised about iPSC-

cardiomyocyte maturity–but the 9p21 locus contributes to a multitude of diseases 

characterized by pathological mechanical and oxidative stress.
164

 Little is known how 

stress influences phenotypic manifestation of the 9p21 risk allele in either endothelial 
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cells or VSMCs. Altered interferon-gamma-mediated inflammatory signaling in human 

umbilical vein endothelial cells with 9p21 SNPs contributed to CAD,
191

 but others have 

shown that interferon-gamma acted independently of 9p21 risk variants.
183

 Again given 

the complexities of ANRIL expression and splicing, broad generalizations between cell 

types, models, and mechanisms are not clear at this time, but given the approach used 

here, we are confident that additional data will clarify how stress and non-coding loci 

more generally alters disease causing mechanisms. 

In summary, our data indicates that the presence of the risk haplotype 

downregulates connexin 43 expression and localization via JNK activation in response to 

mechanical stress. This result, coupled with the loss of sarcomeric organization, suggests 

a possible mechanism that contributes to asynchronous contraction. However, additional 

studies of primary tissue are needed to further validate this hypothesis. 

3.5 Methods 

3.5.1 iPSC maintenance and cardiac differentiation 

Human subjects were enrolled and informed consent obtained under a study 

approved by the Scripps IRB (11-5676) and cells were transferred and maintained under 

a study approved by UCSD IRB (#141315). iPSCs were cultured on Matrigel (Corning, 

cat # 354277)-coated well plates with mTESR-1 (StemCell Technologies, cat # 85870) 

human pluripotent stem cell culture medium. iPSCs were passaged with Versene (Gibco, 

cat # 15040066) to maintain pluripotency or Accutase (Innovative Cell Technologies, cat 

# AT104) to induce cardiac differentiation as previously described.
198

 For cardiac 

differentiation, iPSCs were cultured on Matrigel-coated well plates with mTESR-1 
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human pluripotent stem cell culture medium to 90% confluence. On day 0, cells were 

then treated with 10-12 µM CHIR99021 (LC Laboratories, cat # C-6556) in RPMI 1640 

media (Gibco, cat # 11875) and B27 supplement (Thermo Fisher, cat # 17504). On day 1, 

CHIR was removed and cells were cultured in RPMI 1640 media and B27 minus insulin 

supplement (Thermo Fisher, cat # A18956). On day 3, cells were changed to a combined 

media consisting of 0.5 mL of used media, 0.5 mL of RPMI media containing B27 minus 

insulin supplement, and 5 µM IWP2 (Tocris, cat # 3533). Cells were changed with RPMI 

media containing B27 minus insulin supplement on day 5, followed by media changes 

with RPMI media containing B27 supplement on days 7 and 9. On days 11-17, lactate 

media consisting of RPMI 1640 (Gibco, cat # 11879), 5 mM lactic acid (Acros Organics, 

cat # 18987), and 6 mM HEPES (Teknova, cat # H1030) was added to purify 

cardiomyocytes. Lastly, cells were then cultured in RPMI media containing B27 

supplement until dissociation on day 30. 

3.5.2 Flow cytometry analysis 

On day 30, purified cardiomyocytes were disassociated with 0.25% Trypsin-

EDTA (Gibco, cat # 25200) at 37 C and fixed in 3.7% formaldehyde for 20 minutes at 4 

C. Cells were resuspended in 90% methanol at 4 C for 15 minutes followed by incubation 

with anti-cardiac troponin T (1:200, Thermo cat # MS295P) and anti-smooth muscle 

actin antibodies (1:200, Abcam cat # ab32575) for 1 hour at room temperature. Cells 

were then incubated with Alexa Fluor 488 goat anti-mouse IgG secondary antibody 

(1:1000, Thermo cat # A-11001) and Alexa Fluor 568 goat anti-rabbit IgG secondary 

antibody (1:1000, Thermo cat # A-11011) for 1 hour at room temperature before being 

analyzed via FACS (FACSCanto, Becton Dickinson). See Supplementary Figure S14 for 
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the gating strategy used. 

3.5.3 MeHA synthesis 

MeHA was synthesized as previously described.
44,143

 Briefly, 50 kDa sodium 

hyaluronate (Lifecore Biomedical, cat # HA40K) was dissolved in de-ionized water at 1 

w/v% overnight and reacted with methacrylate anhydride (Sigma-Aldrich, cat # 276685, 

6 mL of methacrylate anhydride for 1 g of sodium hyaluronate) for 8 hours on ice at pH 8, 

followed by overnight incubation at 4 C, and further reacted with methacrylate anhydride 

(3 mL of methacrylate anhydride for 1 g of sodium hyaluronate) at pH 8 on ice for 4 

hours. The monomer solution was then dialyzed (Spectrum Labs, cat # 132655) against 

de-ionized water at 4 C for 3 days followed by lyophilization for another 3 days. The 

lyophilized MeHA was analyzed by 
1
H magnetic resonance (NMR) to determine 

methacrylate substitution ratio by normalization of the peaks at a chemical shift of 6 ppm, 

representing the methacrylate group, by peaks between 3 and 4 ppm, which represent 

native HA. Substitution ratios were computed from triplicate NMR analyses (Figure 1A). 

3.5.4 MeHA substrate fabrication 

MeHA was dissolved at 3% in 0.2 M Triethanolamine (Sigma-Aldrich, cat # 

T58300) and phosphate-buffered saline (PBS) solution. Irgacure 2959 (Sigma-Aldrich, 

cat # 410896), the UV-activated free radical donor, was initially dissolved at 10% in 

100% ethanol and then diluted to 0.02% in the MeHA solution. 10 µL of the hydrogel 

solution was sandwiched between a 12 mm diameter methacrylated glass coverslip to 

permit hydrogel binding and a nonadherent dichlorodimethylsilane (Acros Organics, cat 

# AC11331)-activated glass slide to achieve easy detachment and photopolymerized 
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using a transilluminator (4 mW/cm
2
, UVP) emitting 350 nm wavelength UV light. 

Methacrylation of glass coverslips was achieved by first oxidizing the surface via 

UV/ozone exposure (BioForce Nanosciences) followed by functionalization with 20 mM 

3-(trimethoxysilyl)propyl methacrylate (Sigma-Aldrich, cat # 440159) in ethanol. Protein 

for cell attachment was added by mixing 20 mM 1-ethyl-3-(3-dimethylaminopropyl) 

carbodiimide (ProteoChem, cat # c1100), 50 mM N-hydroxysuccinimide (Alfa Aesar, cat 

# A10312), and 150 µg/ml type I rat tail collagen (Corning, cat # 354236) dissolved in 

PBS. The collagen-crosslinker solution was added to the hydrogel and incubated 

overnight at 37 C. 

3.5.5 Atomic force microscopy 

Hydrogel stiffness measurements were determined by atomic force microscopy 

(Figure 1B, MFP-3D Bio, Asylum Research) with a silicon nitride cantilever 

(NanoAndMore USA Corporation, cat # PNP-TR). Tip deflections were converted to 

indentation force for all samples using their respective tip spring constants and Hooke‟s 

Law. All AFM data was analyzed using custom-written code in Igor Pro to determine 

Young‟s Modulus as previously described based on a Hertz model.
154,199

 Note that code 

will be provided by the corresponding author upon request. 

3.5.6 Seeding cardiomyocytes onto MeHA substrates and in situ dynamic stiffening 

On day 30, cardiomyocytes are dissociated with 0.25% Trypsin-EDTA at 37 C 

and resuspended in RPMI media, 20% fetal bovine serum (Gemini Bio Products, cat # 

900-108), and 5 µM Y27632 (StemGent, cat # 04-0012). 200,000 cardiomyocytes were 

seeded on each MeHA hydrogels. Two days later, media was changed to RPMI media 
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containing B27 supplement. On day 5, MeHA hydrogels were stiffened as previously 

described.
44,143

 Irgacure 2959 was added at 0.05% v/v to cell media. Following 30 min 

incubation without UV exposure, hydrogels were exposed to 350 nm wavelength UV 

light for 2 minutes to generate a stiff 50 kPa hydrogel, washed two times with sterile PBS 

to remove unreacted Irgacure 2959, and resuspended in media. It should be noted that the 

same cell population was used for static soft, dynamically stiffened, and static stiff 

substrates. To produce the dynamically stiffened substrates, only a subset of soft 

substrates were dynamically stiffened on day 5, ensuring that cells from the same 

differentiation were seeded on hydrogels of the same composition before the subset were 

stiffened; static soft and static stiff substrate still underwent the same brief UV treatment 

without the photoactivated radical donor present. Media was changed again on day 7 

followed by experimentation on day 10. 

To ensure altered cellular behavior was not caused by UV exposure, cells on soft 

and stiff substrates were also exposed to UV for the same duration as cells on stiffened 

substrates. In addition, cells were seeded on 10 kPa polyacrylamide hydrogels that are 

incapable of stiffening and exposed to the stiffening process. Coverslips were 

methacrylated as described above. A polymer solution containing 10%/0.1% 

acrylamide/bis-acrylamide (Fisher), 0.5% acrylic acid, 1% v/v of 10% ammonium 

persulfate (Fisher), and 0.1% v/v of N,N,N‟,N‟-Tetramethylethylenediamine (VWR 

International, Radnor, PA) was prepared. 10 μL of polymerizing hydrogel solution was 

sandwiched between a functionalized coverslip and a dichlorodimethylsilane-treated 

glass slide and was allowed to polymerize for 15 minutes. Collagen-crosslinker solution 

was added overnight and cells were seeded on hydrogels as described above. On day 5, 
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substrates were incubated with Irgacure 2959 and exposed to UV light as described above. 

Calcium metrics were then analyzed on Day 10 to ensure no difference in behavior as a 

result of exposure to free radicals.  

3.5.7 Calcium handling assay 

Calcium imaging was performed by adding 0.5 µM Fluo-4 AM (Thermo Fisher, 

cat # F-14201) directly into cell media for 15 minutes. Videos were captured using a 20x 

objective on a Nikon Eclipse TI fluorescent microscope outfitted with a LiveCell imager 

with Metamorph 7.6 software. Acquisition rate was 25 frames per second. 10 cells from 

each video were randomly selected and the mean fluorescent intensities were recorded 

using Fiji, a derivative of ImageJ (National Institutes of Health) and plotted for a 

minimum of 5 beats.  Ca
2+

 tracings were then analyzed using custom-written code in 

MATLAB to determine correlation coefficient, mean peak area, mean peak amplitude, 

transient frequency, peak-to-peak irregularity, and amplitude irregularity. Contraction 

correlation coefficient was determined by computing the Pearson‟s correlation 

coefficients of the fluorescent intensities of each cell to one another within a single video 

to create a large matrix of correlations. The correlation coefficient for each video was 

then averaged to get a final correlation coefficient value. Mean peak area was calculated 

by integrating the area under the fluorescent intensities and dividing by the number of 

peaks. Mean peak amplitude was calculated as the maximum fluorescent peak and 

transient frequency was defined as the number of peaks. Transient frequency was 

calculated as the number of calcium transients. Peak-to-peak irregularity was calculated 

by dividing the standard deviation of the time between peaks by the mean time. 

Amplitude irregularity was calculated by dividing the standard deviation of the peaks by 



85 

the mean as previously described.
166

 The code is available upon request to the 

corresponding author. To determine the effect of stiffening on each cell line, all calcium 

values for dynamically stiffened or static stiff substrates at day 10 were determined from 

myocytes plated from the same differentiation and normalized to the average of the 

values on static soft substrates for each cell line from day 5. The raw data and absolute 

numbers related to the data in the figures are provided in the supplemental data. 

3.5.8 Immunofluorescence assays 

Cells were fixed with 3.7% formaldehyde in PBS for 20 minutes at 4ºC and 

permeabilized using 1% w/v Triton X-100 for 15 minutes at room temperature. For 

validation of stem cell pluripotency, iPSCs were incubated in 2.5% donkey serum 

blocking buffer for 30 minutes at room temperature followed by incubation with anti-

Sox2 (1:200, Abcam cat, # ab171380), anti-Nanog (1:20, Abgent, cat # AP1486c), and 

anti-Oct4 (1:200, Abcam, cat # ab27985) antibodies in 2.5% donkey serum for two hours 

at room temperature. Samples were then incubated with Alexa Flour 488 conjugated 

donkey anti-mouse secondary antibody (1:1000, Thermo, cat # A-21202), Alexa Flour 

568 conjugated donkey anti-rabbit secondary antibody (1:1000, Thermo, cat # A-10042), 

and Alexa Fluor 647 conjugated donkey anti-goat secondary antibody (1:1000, Thermo, 

cat # A-21447) in 2.5% donkey serum for 45 minutes. Samples were lastly incubated in 

4',6-Diamidino-2-Phenylindole (DAPI, 1:5000, Thermo, cat # D1306) in DH2O for 3 

minutes at room temperature, mounted with Fluoromount-G (Southern Biotech, cat # 

0100-01), and imaged using a 10x objective on a Nikon Eclipse TI fluorescent 

microscope with a CARVII confocal attachment (Becton Dickenson) and Metamorph 7.6 

software. For gap junction and sarcomere assembly and localization, cardiomyocytes 
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were incubated with anti-α-actinin (1:250, Sigma A7811) and anti-connexin 43 (1:200, 

Sigma, cat # C6219) antibodies followed by Alexa Flour 488 conjugated goat anti-mouse 

secondary antibody (1:1000, Thermo, cat # A-11001) and Alexa Flour 568 conjugated 

goat anti-rabbit secondary antibody (1:1000, Thermo, cat # A-11011) and imaged using a 

60x water objective.  

To analyze sarcomere organization, a line was traced through randomly selected 

sarcomeres in ImageJ to obtain fluorescent intensity values. A fast Fourier transform 

(FFT) was then performed and the power spectra was normalized to 1. The height of the 

first non-zero frequency term was used to estimate organization as previously 

described
180,181

. Sarcomere length was calculated by measuring the length between 

randomly selected sarcomeres in ImageJ. Values on dynamically stiffened or static stiff 

gels were normalized to those on static soft gels for each cell line in the same manner as 

described in the calcium analysis. Raw values are provided in Supplemental Table S2. 

To ensure no DNA damage from UV exposure, cardiomyocytes were incubated 

with anti-p53 antibody (1:250, Thermo, cat # AHO0152) followed by Alexa Flour 568 

goat anti-rabbit secondary antibody. 

3.5.9 Scrape-loading dye transfer assay 

The scrape-loading dye transfer (SL/DT) technique was performed as previously 

described
200

. On day 10, cells were washed with PBS, 1 mg/mL Lucifer Yellow 

(Biotium, cat # 80015) was added, and scrape-loaded using a surgical razor blade. To 

ensure that Lucifer Yellow movement was due to gap junctions, cells were also loaded 

with 1 mg/mL 10 kDa rhodamine dextran (Sigma-Aldrich, cat # R8881). After 6 minutes 

at room temperature, cells were washed with PBS and fixed in 3.7% formaldehyde for 10 
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minutes. Cells were imaged using a 20x objective. Analysis was performed by first using 

Image J to threshold the region over which the dye was transferred and then measuring 

the average distance over which the dye traveled.   

3.5.10 Quantitative PCR 

RNA was extracted by Trizol-chloroform extraction according to manufacturer‟s 

instructions (Thermo Scientific, cat # 15596) and treated with Ambion
®
 DNA-free

™
 

DNase Treatment (Thermo Scientific, cat # AM1906) per manufacturer‟s instructions to 

remove genomic DNA contamination. 2 µg of RNA was then reverse transcribed to 

cDNA using Super Script III Reverse Transcriptase (Thermo Scientific, cat # 18080093). 

Quantitative PCR was performed (45 cycles, 95°C for 15 seconds followed by 60°C for 1 

min) using a 7900HT Fast Real-Time PCR System (Thermo Scientific, cat # 4329001) 

with the primer sets described in supplementary material Table S1, and the iQ SYBR 

Green Supermix (Bio-Rad Laboratories, cat # 1708880). Data were analyzed by 

calculating quantities of RNA based on a standard curve generated from a fibronectin 

plasmid. 

Measurements of total ANRIL, short ANRIL isoforms, and long ANRIL isoforms 

were plotted where the values are normalized to N/N 1 values. To assess the effect of 

stiffening on mRNA expression, values on stiffened and stiff substrates were normalized 

to soft values in the same manner as described in the calcium analysis. p16 and connexin 

43 values for stiffened and stiff substrates were normalized to soft values. Raw values are 

provided in the supplemental data section. 

3.5.11 Phospho-kinase antibody array 
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A kinase screen capable of measuring relative phosphorylation of 43 different 

kinases was used to determine the effects of stiffening on cell behavior. Cells were grown 

on soft MeHA for 5 days before stiffening. Cells were lysed 30 minutes after stiffening 

and the kinase experiment was performed per manufacturer‟s instruction (R&D Systems, 

cat # ARY003B). 150 µg of protein was incubated for each membrane overnight at 4 ºC 

followed by incubation with the primary antibody solution for 2 hours at room 

temperature. Membranes were then incubated with streptavidin-HRP for 30 minutes 

followed by application of the chemiluminescent reagent mix. Membranes were exposed 

to film and imaged. Quantification of scanned film was performed by measuring pixel 

density in ImageJ. Values for stiffened conditions were normalized to those on soft.  

3.5.12 Western blot 

For p-JNK and JNK analysis, cells were grown on MeHA substrates for 5 days 

before stiffening. Cells were lysed 30 minutes, 2 hours, and 6 hours post stiffening using 

RIPA buffer (50 mM HEPES, 150 mM NaCl, 1.5 mM MgCl2, 1 mM EDTA, 1% Triton, 

10% glycerol, 25 mM sodium deoxycholate, 0.1% SDS) containing Roche Complete 

Protease Inhibitor (Sigma-Aldrich, cat # 11697498001) and PhosSTOP (Sigma-Aldrich, 

cat # 4906845001). Lyastes were vortexed every 5 minutes for 30 minutes before 

centrifugation at 14000xg for 15 minutes. The supernatant was transferred to a clean tube 

and the protein concentrations of the samples were determined using a Pierce BCA 

Protein Assay kit (Thermo Scientific, cat # 23225), according to the manufacturer's 

instructions. 12 µg of protein from each sample was loaded into Bolt 4-12% Bis-Tris gels 

(Thermo, cat # NW04120BOX) and separated by electrophoresis in MES running buffer 

(50 mM MES, 50 mM Tris Base, 1 mM EDTA, 0.1% w/v SDS) under reducing and 
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denaturing conditions before being transferred onto a nitrocellulose membrane using the 

iBlot 1 semi-dry transfer system (Invitrogen, cat # IB4010). Membranes were incubated 

with 5% Seablock blocking buffer (Thermo, cat # 37527)  in Tris buffered saline with 

tween (TBS-T, 150 mM NaCl, 15 mM Tris-HCl, 20 mM Tris Base, .1% Tween) for one 

hour followed by overnight incubation with either phosphorylated JNK (1:1000, Cell 

Signaling, cat # 4668) or total JNK (1:1000, Cell Signaling, cat # 9252) and 

Glyceraldehyde 3-phosphate dehydrogenase (1:7500 Abcam, cat # ab9484) or either 

phosphorylated connexin 43 (1:1000, Cell signaling, cat # 3511S) or total connexin 43 

(1:2000, Sigma, cat # C6219) and Glyceraldehyde 3-phosphate dehydrogenase.  

Membranes were then incubated with Alexa Fluor 680 donkey anti-mouse (0.2 µg/mL, 

Thermo, cat # A10038) and Alexa Fluor 790 donkey anti-rabbit (0.2 µg/mL, Thermo, cat 

# A11374) for two hours. Blots were imaged using the Li-Cor Odyssey CLx imaging 

system (Li-Cor) and the integrated densities of bands were analyzed using the Li-Cor 

Image Studio Lite software.  

For connexin analysis, cells were lysed on Day 10 as described above and 10 μg 

of protein were loaded into gels. To ensure phosphorylated connexin 43 antibody was 

working, human umbilical vein endothelial cells (Lonza) were treated with 250 nM 

phorbol 12-myristate 13-acetate (LC Laboratories, cat # P-1680) for 30 minutes.  

All values were normalized to soft values for each cell line.  

3.5.13 JNK signaling assay 

To activate JNK, cardiomyocytes were grown on soft hydrogels for 5 days before 

treatment with 100 ng/ml anisomycin (Cayman Chemical Company, cat # 11308) 

overnight. Cells were then fixed and stained for connexin 43 and α-actinin as described 



90 

above. To inactivate JNK, R/R cells were treated with 10 µM SP600125 (Selleckchem, 

cat # S1460) after stiffening followed by calcium and immunofluorescent imaging on day 

10.  

3.5.14 Electrical stimulation of cardiomyocytes 

Cardiomyocytes were field stimulated using a pair of platinum wires that were 

connected to MyoPacer Field Stimulator (IonOptix). Calcium handling was assessed as 

previously described.  

3.5.15 Statistical analysis 

All experiments were performed using cells from three distinct differentiations 

and at least 5 distinct MeHA hydrogels. Bar graphs are represented as mean ± standard 

deviation. Box and whisker graphs are represented as the median and extend to the 25% 

and 75% quartiles. Whiskers extend to the maximum and minimum points. Statistical 

differences among two groups were tested with two-tailed Student‟s t-test. Statistical 

differences among more than two groups were analyzed with one-way analysis of 

variance (ANOVA) test followed by Tukey‟s multiple comparison test. Statistical 

analyses were performed using Graphpad Prism software, with the threshold for 

significance level set at p<0.05.  Isogenic patient line comparisons were intentionally 

separated from non-isogenic lines for clarity. Non-isogenic lines were analyzed with 

ANOVA test and isogenic lines were analyzed with Student‟s t-test. All data represent 

biological triplicates with the number of technical replicates, n, indicated where 

appropriate. 

3.5.16 Data and materials availability 
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All data and materials in this study are available from the corresponding author 

upon reasonable request. 

3.5.17 Code availability 

All custom written code in this study are available from the corresponding author 

upon reasonable request. 
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3.6 Supplementary Figures 

 

Supplementary Figure 3.1. Cardiac differentiation efficiency and cell validation of iPSC-derived 

cardiomyoyctes. 

(A) Representative brightfield and immunofluorescent images of nuclei and Sox 2, Nanog, and Oct 4 

positive stem cell colonies for the indicated genotypes and for multiple patients. Scale bar, 100 µm. (B) 

FACS analysis is shown for cardiac troponin T and smooth muscle actin expression in patient-derived 

iPSCs of the indicated genotypes after the cardiomyocyte differentiation protocol. ~85% cells were doubly 

positive for each patient line. (C) Ratio of isoform expressions of myosin light chain and myosin heavy 

chain were plotted (n = 5 samples). (D) mRNA expression for markers of contaminating cells were plotted 

(n = 5 samples). Myosin heavy chain 6 expression was plotted as a cardiac marker for comparison. All data 

was normalized to GAPDH.  
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Supplementary Figure 3.2. TALEN-mediated deletion of the risk haplotype from R/R patient 1 iPSCs. 

(A) Schematic of the 9p21 locus with locations of adjacent genes, ANRIL, and heart disease-associated 

SNPs. (B) Representative brightfield and immunofluorescent images of nuclei and Sox 2, Nanog, and Oct 4 

positive stem cell colonies for the indicated cell lines. Scale bar, 100 µm.  (C) FACS analysis of cardiac 

troponin T and smooth muscle actin positive cardiomyocytes. Percentage of doubly positive cells was 

approximately 85% for both cell lines. (D) mRNA transcript of exon 18-19 of ANRIL, demonstration 

deletion of the risk haplotype in the R/R KO line (n = 4-5 samples) in cells cultured on static soft 

hydrogels. ***p<0.001 based on one way ANOVA-Tukey for the indicated comparisons. (E) Ratio of 

isoform expressions of myosin light chain and myosin heavy chain were plotted (n = 5 samples). (F) 

mRNA expression for contaminating cells were plotted (n = 5 samples). Myosin heavy chain 6 expression 

was plotted as a cardiac marker for comparison.   
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Supplementary Figure 3.3. Ca
2+

 handling in response to dynamic stiffening or stiff substrates. 

(A) Frequency of spontaneous Ca
2+ 

transients, (B) peak amplitude, and (C) peak area for cardiomyocytes 

on stiffened substrates were graphed (n = 61-100 cells). (D) Frequency of spontaneous Ca
2+ 

transients, (E) 

peak amplitude, and (F) peak area for cardiomyocytes on stiff substrates were graphed (n = 48-100 cells). 

(G) Peak-to-peak and (H) amplitude irregularity for cardiomyocytes on stiffened substrates were plotted. (I) 

Peak-to-peak and (J) amplitude irregularity for cardiomyocytes on stiff 50 kPa substrates were plotted. (K) 

frequency of spontaneous Ca
2+ 

transients, (L) peak amplitude, (M) peak area, (N) Peak-to-peak, and (O) 

amplitude irregularity for R/R KO and WT cardiomyocytes cultured on 20 kPa substrates were plotted (n = 

100 cells). Values for stiffened and stiff substrates were normalized to those on soft substrates. *p<0.05, 

**p<0.01, and ***p<0.001 based on one way ANOVA-Tukey for the indicated comparisons.  
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Supplementary Figure 3.4. p53 and connexin 43 expression after UV exposure and cell density before and 

after stiffening 

Immunofluorescent staining is shown for (A) p53 pSer392 (red) and DAPI (blue) as well as for (B) 

connexin 43 (red) and DAPI (blue) after 2 and 15 minutes UV exposure. Scale bar, 10 µm. (C) Contraction 

correlation coefficient (n = 10-15 videos), (D) frequency of spontaneous Ca
2+ 

transients, (E) peak 

amplitude, and (F) peak area (n = 47-50 cells) for R/R cardiomyocytes grown on polyacrylamide gels and 

either exposed to free radicals or not. Values for cells on gels exposed to free radicals were normalized to 

those that were not as indicated in panels C-E. (G) Cell density observed before and after stiffening MeHA 

hydrogels (n = 20-27 pictures).  
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Supplementary Figure 3.5. Electrical pacing of R/R cardiomyocytes 

(A) Representative Ca
2+ 

transients for R/R WT cardiomyocytes cultured on stiffened MeHA substrates and 

paced or not as indicated. (B) Contraction correlation coefficients are plotted for paced and unpaced 

cardiomyocytes (n = 6-9 videos). ***p<0.001 based on two-tailed Student‟s t-test for the indicated 

comparisons. 

 

Supplementary Figure 3.6. Synchronous contractions on 20 and 50 kPa substrates 

(A) Representative spontaneous Ca
2+ 

transients plotted as the fluorescent intensity F-ratio over a 10 second 

time interval are shown cardiomyocytes cultured on stiff 50 kPa MeHA substrates. (B) Contraction 

correlation coefficient (n = 6-27 videos) for R/R and N/N cardiomyocytes were graphed. (C) Contraction 

correlation coefficient (n = 10 videos) for R/R KO and WT cardiomyocytes cultured on 20 kPa gels were 

graphed. *p<0.05, **p<0.01, and ***p<0.001 based on one way ANOVA-Tukey for the indicated 

comparisons.  
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Supplementary Figure 3.7. Connexin 43 expression on stiff substrates 
(A) mRNA transcript for cardiomyocytes cultured on stiff substrates was determined for connexin 43 (n = 6 

samples) and plotted as a normalized to cardiomyocytes on soft substrates. *p<0.05 based on one way 

ANOVA-Tukey for the indicated comparisons. (B) Immunofluorescent staining for connexin 43 (red) and 

DAPI (blue) and for cardiomyocytes from the indicated patients and genotypes cultured on stiff 50 kPa 

MeHA substrates. Arrowheads indicate regions of functional connexin 43 expression. Scale bar, 10 µm. (C) 

Immunofluorescent staining for connexin 43 for R/R KO and WT cardiomyocytes cultured on 20 kPa 

substrates.   
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Supplementary Figure 3.8. α-actinin expression for cardiomyocytes on the different substrates (A) 

Immunofluorescent staining for α-actinin (green) and DAPI (blue) from the indicated patients and 

genotypes cultured on soft, stiffened, and stiff MeHA substrates. (B) Sarcomere organization for cells on 

stiffened MeHA substrates was plotted (n = 68-122 sarcomeres). (C) Sarcomere organization for cells on 

stiff 50 kPa MeHA substrates was plotted (n = 52-135 sarcomeres). (D) Sarcomere organization for cells on 

20 kPa MeHA substrates was plotted (n = 50 sarcomeres). (E) Striation length for cells on stiffened MeHA 

substrates was plotted (n = 186-256 sarcomeres). (F) Striation length for cells on stiff 50 kPa MeHA 

substrates was plotted (n = 151-256 sarcomeres). (G) Striation length for cells on 20 kPa MeHA substrates 

was plotted (n = 50 sarcomeres).Values for stiffened and stiff substrates were normalized to those on soft 

substrates. *p<0.05, **p<0.01, and ***p<0.001 based on one way ANOVA-Tukey for the indicated 

comparisons. 
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Supplementary Figure 3.9. Short ANRIL isoform expression and ANRIL expression on substrates with 

different stiffness. 

(A) mRNA transcript of exon 6-7 of ANRIL, measuring short ANRIL isoform expression (n = 6 or 7 

samples). *p<0.05, **p<0.01, and ***p<0.001 based on two-tailed Student‟s t-test for isogenic 

comparisons or one way ANOVA-tukey for the other indicated comparisons. mRNA transcript expression 

for (B) total ANRIL, (C) long ANRIL isoforms, and (D) short ANRIL isoforms on dynamically stiffened 

hydrogels after normalization to expression on static soft hydrogels is plotted. mRNA transcript for (E) 

total ANRIL, (F) long ANRIL isoforms, and (G) short ANRIL isoforms (n = 6 or 7 samples) on static stiff 

hydrogels after normalization to expression on static soft hydrogels is plotted; note that no statistically 

significant differences were observed in panels B-G. 
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Supplementary Figure 3.10. p16 expression on stiff substrates 

(A) p16 mRNA transcript expression for cells on stiff substrates was plotted (n = 5 samples). Values were 

normalized to those on soft hydrogels.  
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Supplementary Figure 3.11. Phospho-kinase array 

(A) Kinase array demonstrating differences and similarities in phosphorylation changes in response to 

stiffening for R/R myocytes compared to N/N or R/R KO myocytes in the colored boxes. (B) Ratio of spot 

intensity for phosphorylated proteins in cells on stiffened matrix normalized to soft matrix (n = 2 arrays per 

haplotype). Indicated proteins represent phosphorylation events with the largest upregulation or 

downregulation, grouped based on the presence of the risk haplotype. Dashed line indicates a value of 1, 

i.e. no change as a function of stiffening. **p<0.01 and *p<0.05 based on two-tailed Student‟s t-test for the 

indicated comparisons.  
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Supplementary Figure 3.12. Effect of JNK inhibition on α-actinin organization and Ca
2+

 handling 

(A) Immunofluorescent staining for α-actinin (green) and DAPI (blue) for the given conditions. (B) 

Sarcomere organization was plotted (n = 47-49 sarcomeres). (C) Frequency of spontaneous Ca
2+ 

transients, 

(D) peak amplitude, and (E) peak area were graphed (n = 92-99 cells). For all data that was normalized in 

these panels, values were divided by those on soft substrates to illustrate relative changes of JNK 

inhibition. **p<0.01 based on two-tailed Student‟s t-test for the indicated comparisons.  
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Supplementary Figure 3.13. Connexin 43 and α-actinin expression for R/R WT and KO cardiomyocytes 

after anisomycin treatment 

Immunofluorescent staining is shown for (A) connexin 43 (red) and (B) α-actinin (green) in R/R WT and 

KO cardiomyocytes; DAPI is shown in blue. Cells were selectively treated with anisomycin as indicated. 

(C) Sarcomere organization was plotted (n = 50-100 sarcomeres). **p<0.01 based on two-tailed Student‟s 

t-test for the indicated comparisons.  
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Supplementary Figure 3.14. Gating strategy used for flow cytometry analysis 

Unstained control compared to positive control to demonstrate gating strategy. 
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Chapter 4. 

Conclusions 

4.1 Introduction 

Although there has been an increased appreciation for the role of mechanobiology 

in diseased tissue, our ability to study its effects has been limited due to the lack of 

models that faithfully recapitulate extracellular mechanical changes. As detailed in 

Chapter 1, mechanical cues are both active and passive, requiring the development of 

materials and techniques that recapitulate the spatial as well as temporal cues associated 

with disease. One active cue that has been difficult to model has been temporal changes 

in stiffness associated with fibrotic tissue remodeling. However, more recent 

improvements in polymer chemistry have provided avenues to better mimic the disease 

process. In addition, techniques are needed that can measure forces induced by cells as 

changes in their ability to impart forces on their environment can induce disease. Thus, 

this dissertation focused on the applications of materials for mimicking breast cancer and 

cardiac fibrosis as well as engineering techniques for measuring cellular contractility and 

adhesion.  

4.2 Dynamically stiffening hydrogels that better mimic 

breast cancer progression reveal new therapeutic 

targets 
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A number of diseases are characterized by fibrosis, in which overproduction of 

ECM proteins induces stiffening of the matrix.
11

 Although studies have attempted to 

study this effect by culturing cells on static substrates of various stiffness,
33,75,173,201

 it is 

important to note the temporal aspects of fibrosis in vivo; for age-related fibrotic diseases, 

the tissue was already assembled before stiffening occurred.  As mentioned in Chapter 1, 

cell-matrix and cell-cell responses are interdependent. Thus, a proper disease model must 

allow for the development of “healthy” cell-cell and cell-matrix contacts before stiffening 

as would be observed in vivo.  In chapter 2, we utilized a methacrylated hyaluronic acid 

hydrogel that better mimic breast cancer due to its unique two-step crosslinking protocol 

to allow for the development of cell-cell contacts. Hydrogels can be initially crosslinked 

before stiffening of the hydrogels in the presence of cells, allowing cells to feel both 

“healthy” stiffness initially and “fibrotic-like” stiffness. Interestingly, dynamic stiffening 

induced an altered cell response compared to cells cultured on static soft or static stiff 

hydrogels. We observed a reduction in cell spreading with increased pre-culture time 

before stiffening, highlighting the interplay between cell-cell and cell-matrix interactions. 

Furthermore, we observed a combination of mechanical and chemical signaling that had 

not been described before using static hydrogels.
101

 YAP/TAZ signaling, which was 

involved in cell response on stiffened gels but not stiff gels, is a potentially intriguing 

target given its role in breast cancer and other mechanosensitive diseases.
100

 Furthermore, 

it could potentially explain the difference in cell response on stiff gels and stiffening gels 

with different pre-culture time as cell-cell contacts can inhibit YAP/TAZ signaling.
202

 

Although additional studies are needed to confirm this hypothesis, it is evident that the 

stiffening hydrogel more faithfully recapitulates stiffening associated with breast cancer 
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and provided more insight into the complicated interplay of signaling associated with 

cancer progression.   

4.3 Mimicking cardiac fibrosis induces regulation by a 

non-coding RNA 

Although genome wide association studies have identified thousands of genetic 

variants associated with disease, the molecular mechanisms of very few variants have 

been described. This is due to the fact that most variants are in non-coding regions, 

incomplete penetrance can make it difficult to observe phenotypes in patients with 

differing genomic backgrounds, and variants are often associated with complex diseases 

that are difficult to model with current techniques.
203

 One example of this complexity is 

the fact that disease is multifaceted and can be induced by the extracellular environment 

as well as genetic variants. However, few studies have investigated the interplay between 

genetic and environmental factors. As a proof-of-concept, we investigated the role of the 

non-coding RNA ANRIL in regulating cardiac phenotypes associated with fibrotic 

remodeling in chapter 3. We observed asynchronous contractions and downregulation of 

connexin 43 in cardiomyocytes with variants in responds to dynamic stiffening. We 

believe that this occurred due to p16 silencing by ANRIL, allowing for JNK activation in 

response to dynamic stiffening and subsequent suppression of connexin 43 mRNA 

transcript downstream. By increasing the complexity by utilizing a dynamically stiffening 

gel, we observed increased complexity in regulation; this system contained both cis and 

trans elements as ANRIL regulated p16 expression in cis while connexin 43 expression 

was regulated in trans. However, this regulation only occurred when cells were cultured 



109 

on a dynamically stiffening gel thus demonstrating the importance of understanding gene 

environment interactions to improve disease-in-a-dish models. 

4.4 Future directions 

While this dissertation provided new strategies to improve in vitro disease 

models, additional materials and techniques will need to be developed to further extend 

this research. As mentioned in Chapter 1, while investigation of cell response in 2D has 

been utilized to limit complexity, these conditions do not mimic in vivo 3D conditions. 

Thus, the next step in materials research involves the development of 3D scaffold that are 

also capable of mimicking changes associated with disease. Furthermore, materials and 

techniques capable of inducing multiple biophysical stimuli will also be needed to 

understanding how they antagonistically or synergistically induce cell behavior. From the 

cell perspective, co-culture would also improve these models. For example, stromal cells 

are known to interact with mammary epithelial cells
146

 and fibroblasts with 

cardiomyocytes.
23

 Even here, materials can help by aligning different cells next to one 

another.
23

  Building off the research described here will further improve understanding of 

the interplay between cellular biophysical characteristics and its environment.   
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