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CHAPTER |

INTRODUCTION

Background

Fibrotic disease

Connective tissue fibrosis can occur in many tissue and organ systems and is a
significant cause of morbidity and mortality in American society. As the population ages, fibrotic
diseases such as athlerosclerosis, interstitial lung disease, glomerulosclerosis and heart valve
disease will likely increase in prevalence. Cardiac hypertrophy and scarring after myocardial
infarction are examples of deadly fibrotic diseases with a large effect on our population. All of
these diseases are characterized by an accumulation of extracellular matrix (ECM) proteins,
notably type-1 collagen, and a loss of tissue compliance, both of which can severely impair
organ function.! Resident fibroblast cells are responsible for producing and maintaining
connective tissue and are a prime suspect in the development of fibrotic pathologies. These
cells can differentiate into the active myofibroblastic phenotype in response to environmental
cues, and demonstrate enhanced contractility and heightened ECM production, both of which
are important for normal development and wound healing (Figure 1). However, if the cells fail to
return to the quiescent fibroblast phenotype, excessive connective tissue accumulation and
stiffening can occur, leading to the activation of neighboring cells and the development of
chronic tissue fibrosis.> Two major factors which promote myofibroblast differentiation are
mechanical stiffness and transforming growth factor beta 1 (TGF-p1).> TGF-p1 is a potent
stimulator of myofibroblast differentiation that is critical during normal development, but it also
can contribute to the development of fibrotic disease. Fibroblast growth factor (FGF) opposes

TGF-B1 signaling during development and disease and promotes the quiescent fibroblast



phenotype.*®> Understanding the processes by which myofibroblast activation occurs is

especially crucial to the treatment of connective tissue diseases among infants and the elderly.
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Figure 1. Fibroblast phenotypic changes with age, ECM stiffness and chemical cues.
Fibroblast cells are highly activated during development and old age, life stages correlated with
significant changes in ECM stiffness and structure. In addition to mechanical triggers, growth
factors TGF-p1 and FGF are present during development and old age and regulate cell
phenotype and the tissue characteristics associated with tissue fibrosis.



Integrins in mechanotransduction

Mechanical stress and strain are known to cause myofibroblast differentiation during
both development and old age. An important way cells experience their mechanical environment
is via integrin-mediated signaling pathways (Figure 2). In addition to their role as a structural
protein, integrins can sense mechanical tension and increased substrate rigidity, which leads to
phosphorylation of intracellular signaling molecules, including the tyrosine kinase Src,® focal
adhesion kinase (FAK),” and the downstream mitogen-activated protein kinase (MAPK) p38.%
There are many specific isoforms of integrins which recognize a host of ECM proteins and
transduce signals to intracellular kinases in a process known as outside-in signaling.’ Diversity
in the cytoplasmic tail of different B subunits determines the intracellular connections of these
molecules.” The B1 isoform is found in collagen and fibronectin-specific integrin receptors and
has been shown to enhance FAK autophosphorylation on tyrosine 397.” The p3 isoform has
been shown to physically interact with Src and enhances Src activation.***? Integrins can also
experience inside-out signaling, by which intracellular kinases and enzymes can modify the
intracellular domain of integrin subunits to activate integrins and allow for stronger adhesions to
the ECM" and ECM remodeling.****> Both Src and FAK are involved in the maintenance and
turnover of focal adhesions that mechanically link integrins to the actin cytoskeleton.®** The dual
and complex role of integrins, FAK, and Src in structural and biochemical systems makes an

integrated biophysical and biochemical approach extremely useful in clarifying this process.



Table 1: Glossary of Terms

Term Description
aSMA Alpha smooth muscle actin: myofibroblast marker
TGF-p1 Transforming growth factor beta 1
TRR2 Type Il TGF-B1 Receptor
FGF Fibroblast growth factor
FAK Focal adhesion kinase
ERK Extracellular signaling-related kinase
Src Tyrosine kinase found in focal adhesions
MAPK Mitogen-activated protein kinase
p38 MAPK involved in non-canonical TGF-B1 signaling
MEF+/+ Wild type mouse embryonic fibroblasts (MEFs)
FAK-/- FAK null MEFs
SYF-/- MEFs lacking Src, Yes, and Fyn, three Src family kinases
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Figure 2: Schematic of relevant cell signaling network. The cartoon depicts the major
pathways of activation and convergence on p38 and ERK kinases. Degredation and interactions

details are not shown for the sake of clarity



Details of Src/FAK interaction

Src and FAK are both primed for activation by integrin engagement and focal adhesion
formation, but there are complex, multistep interactions between these two kinases that affect
their activation states. FAK is a large scaffolding protein that interacts with a host of other
proteins and has several phosphorylation sites.® Autophosphorylation of tyrosine 397, which
occurs after B1 integrin engagement, allows for association of the SH2 domain of the Src. This
physical association promotes the open conformation of Src, which limits inhibitory
phosphorylation of Src tyrosine 527 and allows for more phosphorylation of tyrosine 416,
causing a significant increase in Src kinase activity.!” With both enhanced kinase activity and
close proximity, Src phosphorylates FAK at tyrosines 576, 577, 861, 925, and others.' This
secondary phosphorylation activates the kinase activity of FAK and enhances signaling to
downstream targets like ERK and p38.* It also allows for FAK autophosphorlyation of tyrosine
397 of surrounding FAK proteins.’® One of the effects of Src/FAK downstream signaling is
recruitment of csk to focal adhesions, which phosphorylates Src tyrosine 527 and limits Src

activity, forming a negative feedback loop.***’

TGF-41 signaling promotes myofibroblast differentiation through Src and p38

In addition to its role in focal adhesion maintenance, Src is required for non-canonical
TGF-B1 signaling to p38."°* TGF-B1 binding to its type 1 receptor activates Src, which in turn
phosphorylates tyrosine 294 on TGFp receptor 2 (TPR2), leading to p38 phosphorylation.? This
signaling is crucial for myofibroblast differentiation of aortic valve interstitial cells and other
fibroblast cell types.”* Mouse embryonic fibroblasts which cannot express Src family kinases
(SYF-/-) have been shown to express significantly fewer myofibroblast markers than their wild
type counterparts (MEF+/+) (Figure 3A). MAPK p38 is also critically important for myofibroblast

differentiation.?"** Inhibiting p38 effectively blocks TGF-B1 induced myofibroblast differentiation,



but does not interfere with canonical smad signaling (Figure 3B). Within the nucleus,
transcription factors MKL1 and SRF (downstream of Src and p38) are required for the

transcription of aSMA and other markers of contractile myofibroblasts.*
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Figure 3: Src and p38 are necessary for TGF-B1 induced myofibroblast differentiation
Figure from Hutcheson #

FGF signaling opposes myofibroblast differentiation

FGF is another factor that is critical for development and can have a potent effect on
fibroblast phenotype. FGF signaling to ERK has been shown to prevent myofibroblast
differentiation in MEFs and reverse TGF-B1 induced aSMA expression.>** Kawai-Kowasa et al.
demonstrated that expression of the transcription factor SRF is crucial for aSMA expression, but
its function is blocked by phosphorylated ERK after FGF treatment (Figure 4).° Greenberg et al.
found that this effect is modulated by FAK and does not occur in FAK-/- cells.?* More study is
needed to determine how ERK prevents aSMA expression during FGF signaling but is also

activated by TGF-B1 signaling. FGF is also known to activate p38, a crucial player in TGF-31



induced myofibroblast differentiation.?® Understanding the crosstalk between MAPK signaling

from TGF-B1 and FGF will clarify the intracellular signals governing myofibroblast differentiation.
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Figure 4: Proposed model of roles for Src and ERK in TGF-B1 and FGF regulation of
differentiation. Figure from Kawai-Kowasa®

Utility of computational models of signaling networks

Computational models of cell signaling networks can be a powerful tool for analyzing
and characterizing the complex interactions between intracellular kinases. Several models of
parts of this system focus on integrin signaling through Src, FAK, and ERK,?® the details of
Src/FAK interactions,”” TGF-B signaling,?® and intracellular signaling to p38,%**° however, none
address the crosstalk between integrin and growth factor signaling in the context of
myofibroblast differentiation. Many computational models of cell signaling pathways take
advantage of published values for rate coefficients for specific protein interactions.”®*3° A
particular challenge of building network models is the dramatic increase in system complexity

relative to single pathway models. Often, it is necessary to simplify a system for the sake of

model tractability. In this case, modified reaction parameters must be estimated from



experimental data. Some models rely entirely on a large set of quantitative data to develop the
model and its parameters.** However, when only a limited supply of reliable rate constants and
guantitative data is available, trustworthy models have been developed which rely on a

combination of previously reported and newly determined reaction constants.*?

Objective
The objective of this work was to elucidate the roles of Src and FAK in the integrin and
cytokine signaling that controls myofibroblast differentiation using a computational model
capable of reflecting the relevant signaling events. Furthermore, this work aimed to study the
dynamics of MAPK signaling, specifically p38 and ERK, in response to growth factor treatment
and integrin signaling on surfaces with differing stiffness. The intent of the model was to

compare the likely validity of different hypotheses about the nature of myofibroblast regulation.

Specific Aims
1. Determine how integrin transduction of mechanical stiffness activates Src and FAK to
regulate myofibroblast differentiation
2. Develop computational models which describe the kinetics of the system

3. Determine the dynamic signaling events of TGF-$1 and FGF



CHAPTER Il

MANUSCRIPT: DEVELOPMENT OF A COMPUTATIONAL MODEL OF MYOFIBROBLAST DIFFERENTIATION

Abstract

Fibrotic disease is a major cause of morbidity and mortality, and is characterized by the
transition of resident fibroblast cells into the active myofibroblast phenotype. Alpha smooth
muscle actin (aSMA) is a primary indicator of the myofibroblast phenotype, and is regulated by
transforming growth factor beta 1 (TGF-B1), fibroblast growth factor (FGF) and substrate
stiffness. Integrin signaling through Src and FAK converges with growth factor signaling and
both signal through p38 and extracellular signal-related kinase 1 and 2 (ERK) to regulate aSMA
production. While details are known about individual pathways, little is known about their
interactions. To this end, an ODE-based model of this cell signaling network was developed in
parallel with in vitro experiments to analyze potential mechanisms of crosstalk and regulation of
aSMA production. We found that cells lacking Src produce significantly less aSMA than wild
type cells, while cells lacking FAK produce significantly more. Increases in substrate stiffness
and increasing TGF-B1 concentration cause significant increases in aSMA, while FGF causes a
dose dependent decrease in aSMA. Western blot analysis revealed that TGF-81 induces a
gradual increase in ERK phosphorylation and a significant and sustained activation of p38. FGF
stimulates a rapid, but transient activation of p38, and a much more dramatic and sustained
activation of ERK. Our model effectively recreated aSMA expression levels across a set of 22
experimental conditions and matched transient phosphorylation of ERK and p38. These results
support a potential mechanism for regulation of fibroblast differentiation: aSMA production is

promoted by active p38 and Src and opposed by ERK.



Introduction

Fibroblast cells play a key role in producing and maintaining connective tissue
throughout the body. The ability of these cells to differentiate into active myofibroblasts is
important during development and wound healing, but prolonged myofibroblast activation can
lead to overproduction of extracellular matrix proteins and stiffening of the surrounding tissue.
While a critical step in scar formation during wound healing, this stiffening can cause heightened
differentiation of neighboring fibroblasts through force transduction pathways and can lead to
detrimental fibrotic pathologies in many organ systems.? One hallmark of the myofibroblast
phenotype is the production of alpha smooth muscle actin (aSMA) stress fibers, which transmit
intracellular forces and increase the contractility of the cells and surrounding tissue.?* Clarifying
the inputs and intracellular mechanisms which govern myofibroblast differentiation will provide
insights into the pathophysiology of many fibrotic diseases.

Mechanical stress and transforming growth factor beta 1 (TGF-1) are known to promote
the myofibroblast phenotype,? and fibroblast growth factor (FGF) has been shown to promote
the quiescent fibroblast phenotype,® but the intracellular effectors of these environmental cues
have significant crosstalk,*>* as seen in Figure 5. Cells can experience mechanical tension and
substrate rigidity through integrins, which are trans-membrane proteins that transduce forces
from the ECM to intracellular structures like focal adhesions and stress fibers. Different isoforms
of integrin subunits are activated to transmit mechanical signals by specific ECM proteins.
Integrins with B3 subunits are activated by fibronectin and transmit mechanical signals through
the tyrosine kinase Src.®'® Src and B3 integrin together enhance TGF-B1 non-canonical

signaling to p38.20:%¢-%

B1 integrin subunits activate focal adhesion kinase (FAK) in a stiffness-
dependent manner.” Src and FAK are important in the formation and maintenance of focal
adhesions and are known to form a complex and activate each other’s kinase activity to

enhance downstream signaling.'®*®

10



Signaling through integrins and growth factors appears to converge at the intracellular
level on two particular kinases, p38 and ERK. TGF-B1 signaling and B1 integrin signaling both
activate p38, which has been shown to promote the myofibroblast phenotype.?*® Conversely,
ERK is required for FGF inductiona of the quiescent fibroblast phenotype.”® FAK serves as a
docking site for Src and enhances Src activation and signaling to p38,*° while transducing
signals from integrins and FGF to enhance ERK activation and limit aSMA production.?*** FGF
and TGF-B1 stimulate both p38 and ERK; however, they are known to lead to divergent
outcomes,>*? as suggested by Fig 4A. The complex and dynamic interactions of these signaling
pathways complicate the regulation of fibroblast differentiation.
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Figure 5: Relevant signaling network. A. The cartoon depicts the major pathways of
myofibroblast regulation and convergence on p38 and ERK kinases. Degradation and
interactions details are not shown for the sake of clarity. B. The schematic shows the model
protein species and reactions. Proximity to the yellow node indicates that the rate of the reaction
depends on the activation of the upstream protein species. The dashed line represents a direct
contribution of Src to regulation of aSMA production.

Computational models of cell signaling networks have been developed and used in
many biological systems to clarify complex interactions, especially when intracellular activation
states are difficult to quantify.** Some models have been developed for subsets of this system
26-28

to clarify specific mechanisms, but do little to address network effects and responses.

Modeling biological networks is challenging due to the high number of interactions, the range of

11



relevant time scales, and the difficulty of acquiring quantitative data of intracellular kinetics.
Despite these hurdles, many model strategies have been developed and successfully
implemented in similar network settings.*> A model developed by Janes et al. integrates
complex cytokine signals to predict apoptosis, and they countered these difficulties by focusing
on data-derived models.®" Further analysis of the same model indicated that the dynamic range
of a given intracellular signaling event is more important for system function than the signal
strength, which lessens the need to define system components with absolute protein numbers
or concentrations.**

The goals of this work are to clarify the roles of FAK and Src in linking integrin and
cytokine signaling, characterize the signaling profiles of TGF-B1 and FGF through p38 and ERK
in the regulation of aSMA, and develop a quantitative model to evaluate and compare potential
mechanisms for protein interactions in the regulation of myofibroblast differentiation.

In this study, we developed a computational network model to clarify the complex
crosstalk between TGF-B1, FGF, and integrin signaling regulating the differentiation of
fibroblasts. Known TGF-B1, FGF, and integrin signaling to p38 and ERK through Src and FAK
from previously reported literature informed the development of an ODE-based model of
fibroblast differentiation in different chemical and mechanical environments. The model was
refined by fitting to experimental results for aSMA production and dynamic phosphorylation
events. Sensitivity analysis and two model comparison techniques were developed to evaluate

different model hypotheses and delineate potential mechanisms.

12



Materials and Methods

Cell culture

Wild type mouse embryonic fibroblasts (MEF+/+), MEFs lacking Src, Yes and Fyn (SYF-
/-), and MEFs lacking FAK (FAK-/-)* were used in this study. Cells were cultured in DMEM
supplemented with 10% FBS, 1% antibiotic-antimicrobial and 1% non-essential amino acids.
Unless otherwise noted, cells were plated at a density of 8000 cells/cm? on tissue culture plastic

(TCP) and kept in serum-free conditions during treatment with 1 ng/ml TGF-1 or 10 ng/ml FGF.

PDMS for stiffness studies

Polydimethylsiloxane (PDMS) (Sylgard 184 from Dow Corning) culture surfaces were
made with 10:1:0, 10:1:5, and 20:1:2 ratios of silicone-elastomer base to elastomer curing
reagent to silicone oil as previously described.***” Bulk stiffness of these formulations was
measured to be 2.1, 0.9 and 0.24 MPa, respectively.*’ The dishes were then sterilized under UV
light for 40 minutes and coated with human full-length fibronectin in filtered carbonate-

bicarbonate buffer overnight to ensure proper cell adhesion.

Immunohistochemistry

Coverslips were coated in fibronectin by overnight incubation in a 50 pg/ml solution in
sterile carbonate-bicarbonate buffer and rinsed in PBS before addition of cells. After 24 hours of
treatment, cells were fixed with 4% paraformaldehyde and permeabilized in 0.4% triton, blocked
in 1% BSA, and stained with a Cy3 conjugated monoclonal aSMA antibody (sigma). Slides were
mounted in ProLong gold with DAPI mounting media to stain the nuclei and imaged at 20x

magnification.

13



Quantification of aSMA production by indirect ELISA
Indirect ELISA assays with aSMA polyclonal antibody (Abcam) were used to quantify

aSMA expression after 24 hours in serum-free conditions as previously described.*

Quantification of MAPK activation by western blot

Western blots were used to study dynamics of MAPK activation in MEF+/+ and FAK-/-
cells as previously described.?* Briefly, cells were serum-starved for 3-4 hours before treatment,
and were lysed and diluted to equal protein concentration in RIPA buffer supplemented with
protease and phosphatase inhibitors. Relative p38 and ERK phosphorylation was quantified by
densitometry analysis and normalized to a loading control (B-actin, total ERK, or total p38) (cell
signaling antibodies) and then to the average MEF+/+ no treatment case within each time point

for each experiment.

Statistical analysis

For all experiments measuring outputs across a range of cell types and treatments, a
two-way ANOVA was run within each time point to determine significant effects of cell type and
treatment, and interactions between the two. The Holms-Sidak method and individual student t-
tests with an overall significance level of 0.05 were used for multiple comparisons within cell-
type and treatment groups. One-way ANOVA was used for dose response experiments which
were limited to one cell type. Non-parametric tests (ANOVA on ranks or rank sum tests) were

used if the samples failed the Shapiro-Wilks normality test or had unequal variance (p < 0.05).

Model development
The model is a system of ODEs describing the dynamics of relative protein activation
and aSMA production in fibroblasts. To simplify the model, a normalized closed system was

assumed, wherein the total amount of each protein species in the signaling pathway is

14



conserved at a value of 1. While many of these proteins have multiple phosphorylation states
and conformations which affect their enzyme activity, most protein species were simplified to 2
activation states, “on” or “off”. Src, FAK, and TBR2 were given 3 activation states to capture
more system interactions. In total, the model contains nine active variables (Table 2), 27 kinetic
rate coefficients (Table 3), and 12 inputs and boundary conditions which can be varied
experimentally and in silico. Figure 5B shows a general descriptive schematic of the interactions
and protein species represented in the model. First order activation rates proportional to the
relative activation of the upstream species were used to model signaling cascades, unless more
specific interactions were known. Michaelis-Menten kinetics was used in cases of direct
phosphorylation, as with Src activation of FAK tyrosines in the 400-900 range and Src
phosphorylation of TGFp receptor 2 (TBR2). A more detailed description of model formulation

can be found in Appendix A.

Table 2: List of active variables

Variable name Description
Blon amount of activated B1 integrin as a fraction of total
B3on amount of activated B3 integrin as a fraction of total
TBRT TGF-B1 receptor (TBR2) with TGF-B1 ligand attached
pTBR2 phosphorylated and ligand bound TGF-31 receptor (TBR2)
pS activated Src kinase
pFAK FAK phosphorylated on tyrosine 397
3pF FAK phosphorylated on tyrosines in 400-900 range with active kinase activity
pP active p38
pE active ERK

The total amount of each protein is conserved and given a value of 1, so the inactive species
fraction is calculated at each time point as 1 - X (active protein species).

Regulation of aSMA production
In the simplification of this system, we focused on p38 and ERK as the sole regulators of
aSMA production. Phosphorylated p38 (pp38) promotes the production of aSMA, while pERK

inhibits aSMA accumulation by slowing the rate of production. According to the model proposed

15



by Kawai-Kowase et al.,, ERK activated by FGF signaling prevents smooth muscle gene
expression by interfering with serum response factor (SRF) function via an unknown
mechanism.®> We represented this in the model with the following equation:

SMA production < LSMAL __ kaSMAF + [pp38]
production = —— = (kaSMAi * [pERK] +1) Equation 1

After initial experimental results showed a dramatically lower amount of aSMA in SYF-/- cells
despite comparable levels of p38 phosphorylation, a modified equation for aSMA production
was devised:

d[aSMA] _ kaSMAf = [pp38] = (0.01 + pS)

aSMA production = -
production dt (kaSMAT+[PERKI+1)  Equation 2

Parameter estimation

Parameters were estimated by comparison with previously published models and by
calculating the maximum relative activation changes in relevant experimental contexts. Both p38
and ERK are activated via cascades of signaling events downstream of growth factor receptors,
Src, and FAK,?*?° put these cascades are approximated as a single step with a lumped
parameter for the sake of model simplicity. To estimate values for these lumped parameters, we
measured aSMA expression and relative ERK and p38 phosphorylation in MEFs after 24 hours
of treatment with 1 or 10 ng/ml TGF-B1 and FGF. We also tuned our model's sensitivity to
changes in mechanical stiffness by measuring aSMA in cells plated on PDMS of stiffnesses
ranging from 230 kPa to 2.14 MPa and on TCP (stiffness ~ 3 GPa).*® The MATLAB optimization
function Isgnonlin was used to vary up to three parameters at once to find the set of parameters
which minimized the mean squared error (MSE) of the model fit to the growth factor sensitivity
curves or the stiffness curve. While comparing candidate models, two parameters (kTpP and

kaSMAf) were optimized to fit the growth factor calibration data set for each model.
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Table 3: List of parameter values

Parameter Description \[/r?:ti]e Source
kaf rate of 1 integrin adhesion and activation 23 estimated from %
kir rate of B1 integrin deactivation 0.567  estimated from 2
k2f rate of B3 integrin adhesion and activation 23 estimated from *°
k2f rate of B3 integrin deactivation 0.567  estimated from *°
K3f rate of TGF-B1 ligand attachment to TBR2 60 28
receptor
k3r rate of TGF-B1 disassociation 15 estimated from %
KIpF rate of B1 integrin activation of FAK 0.454  estimated from "2°
KIpS rate of B3 integrin activation of Src 20.15  estimated from **2°
. 20-
kTpS rate of TGF receptor activation of Src 120 sl‘s;r;mated e
KSDE rate of Src association with FAK and 29 estimated from %
P activation of secondary phosphorylation sites 27,38
KmSE Michaelis-Menten ((:)oans;a|1<nt for Src activation 0.1 estimated from 27
kFAKpE rate of FAK activation of ERK 240  estimated from %
kFGFpERK* rate of FGF activation of ERK 40 estimated from >%*
kSpT rate of Src phosphorylation of TBR2 40 estimated from %%’
KmST Michaelis-Menten constant for Src activation 0.1 estimated from 2%
of TBR2
KTpP* rate of TGF-B1 activation of pp38 113007'2' estimated from 2%’
klpP* rate of B1 integrin activation of p38 50 estimated from 8°
kPr rate of p38 dephosphorylation 579.6 ¥
KEr rate of ERK dephosphorylation 210  estimated from ?°
kSr rate of Src dephosphorylation 432 estimated from %
KFr rate of FAK dephosphorylation 48.35  estimated from 2
KTr rate of ligand-induced TBR2 deactivation 15 28
KE intrinsic rate of ERK activation 10 estllmfated S
optimized
kP intrinsic rate of p38 activation 10 es“.mf"‘ted and
optimized
estimated and
kaSMAf* rate of p38 promotion of aSMA 1.1-11  optimized for each
model
kaSMA*  rate of ERK inhibition of aSMA production oo  estimatedand
optimized
kaSMAr rate of aSMA degredation 1.03  estimated from *°

Initial estimates of values were calculated from literature and varied to find the optimal

parameter set. Parameters that were optimized to calibration data set indicated by *
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Sensitivity analysis

Both the initial conditions and rate constants were varied over two decades around the
primary estimation, and the relative change in output (aSMA concentration) and sensitivity
coefficients S (relative change in output per relative change in parameter (P)) were calculated
and ordered. This analysis provides insight into the bottlenecks and critical junctions where the
system is more or less sensitive to perturbations

A aSMA/aSMA,,
AP/P,

Sensitivity Parameter S =

Equation 3

Candidate model development and statistical comparison
We developed a set of candidate models which contain modified signaling mechanisms,
reflecting different hypotheses. We used data set independent from the calibration curves used
to refine the model to evaluate model fit and assess the likelihood of certain mechanisms. After
simulating the set of 8 experiments with each candidate model, we calculated the y? statistic for
the set of experimental results. The y statistic is a metric for measuring model fit while
accounting for variability in experimental data. When y? is minimized, the agreement between

the model prediction and the data is optimized

N
2 _ Z (y_exp; — y_model;)
X — O;
i=t Equation 4

Model evaluation using the using the Akaike information criterion (AIC)
The Akaike information criterion (AIC) is a metric for comparing models with different
numbers of independent parameters (K), to attempt to optimize both the accuracy and the

model simplicity, or parsimony, of different models variants®*>°

AIC = 2K + 2((N/2) *log(2m * MSE + 1))
: Equation 5
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N reflects the number of experimental data points and MSE is the mean squared error. This

criterion can be used to great effect in determining the relative likelihood of multiple models.

Results
Src and FAK significantly regulate aSMA production via integrin signaling
MEF +/+ FAK-/- SYF -I-

A

49 * # A

E— MEF+/+
3] B FAK--
B SYF-/-

RelativeO SMA expression
N

NT TGF-B1 FGF

Figure 6: Focal adhesion proteins FAK and Src regulate myofibroblast differentiation. A.
aSMA measured by ELISA after 24 hours of culture in serum free media, 1 ng/ml TGF-1, or 10
ng/ml FGF. All FAK-/- and SYF-/- were all significantly different from the wild type MEF+/+ cells
(p < 0.001). * denotes a significant difference between the NT and treated MEFs (p < 0.05). #
denotes significant difference from the FAK-/- NT group. * denotes significant difference from
the MEF+/+ sample under a given treatment. B. Representative images of aSMA stress fiber
assembly in cells grown on fibronectin coated coverslips and stained for aSMA (red) and dapi
nuclear stain (blue). The scale bar represents 50 uM.

MEFs with genetically deleted focal adhesion proteins express significantly different
levels of aSMA in serum-free conditions than wild type cells (Figure 6). A two-way ANOVA
shows significant interaction (p < 0.001) between cell type and treatment. SYF-/- cells
expressed significantly less aSMA than MEF+/+ cells in all treatment groups (Figure 6A) and
have noticeably altered morphology, with a rounded cell shape and few well-defined actin

bundles or stress fibers (Figure 6B). Furthermore, there is no significant difference between
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treatment groups within the SYF-/-. FAK-/- cells express significantly more aSMA than MEF+/+
cells regardless of treatment, and both growth factors cause a significant effect relative to
untreated FAK-/- cells (Figure 6A). MEF+/+ and FAK-/- both have a fibroblast-like morphology,
but in both treated and non-treated groups, a higher percentage of FAK-/- cells express aSMA
(Figure 6B). TGF-B1 causes an increase in intensity and frequency of aSMA expression and
stress fiber formation in both cell types (Figure 6B). FGF has the opposite effect, causing a loss
of stress fibers and aSMA expression (Figure 6B). The inverted roles that FAK and Src play in

regulating myofibroblast differentiation prompted a more detailed look at downstream signals.

TGF-B1, FGF, and stiffness modulate aSMA in a predictable manner
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Figure 7: Calibration curves for reaction to growth factors and stiffness. A-C.
Concentration-dependent changes to p38 and ERK activation and aSMA expression in
response to TGF-B1 and FGF. D. Sensitivity to stiffness in production of aSMA in MEF+/+ and
FAK-/- cells. * indicates significant difference from the no treatment/TCP condition within each
cell type. » indicates significant difference from MEF+/+ sample within substrate. Active p38 and
pERK data from densitometry of western blots (A-B) and aSMA determined from indirect ELISA
(C-D). Average results are presented (n=4-12). These data were used to refine model
parameters.

We conducted calibration experiments to correlate growth factor concentration and

stiffness to internal signaling and regulation of aSMA and refine our initial estimates of lump
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parameters. Our first calibration experiment (Figure 7A-C) clarified the relationship between
growth factor concentration, equilibrium p38 and ERK phosphorylation, and aSMA expression in
MEF+/+ cells. At 24 hours, there is no significant change in pp38 with treatment with 1 or 10
ng/mL FGF, but there is a significant log-linear increase proportional to TGF-1 concentration
(Figure 7A). There is significant ERK phosphorylation after 24 hours treatment with TGF-1 that
is independent of TGF-B1 concentration. There is also a significant increase in ERK activation
with FGF treatment, which is highly dependent on FGF concentration (Figure 7B). These data
were used to refine estimates of kKTpP, kFGFpE, and kaSMAf (Table 3). The variability of the
experimental measurements was considered in the optimization protocol; we selected the set of
parameters which gave the minimum x? statistic for each candidate model. By this technique,
we achieved good agreement with our calibration curves, with ¥ values as low as 8.12 (p = 0.7)
for the set of 15 growth factor measurements, indicating that the model is a good fit to the data.
We next measured aSMA production over a range of substrate stiffness (Figure 7D) and
found a statistically significant interaction between cell type and substrate stiffness (p = 0.009).
aSMA production was significantly reduced when cells were cultured on PDMS, with the lowest
aSMA expression corresponding to a PDMS stiffness of 900 kPa. There was no significant
difference between aSMA expression on fibronectin-coated TCP and uncoated TCP in either
cell type. aSMA in FAK-/- cells is significantly higher than in MEF+/+ (p < 0.001) on TCP
(stiffness = 3E6 kPa) but is not statistically different at lower stiffness, indicating that FAK-/- are
more sensitive to changes in stiffness than MEF+/+ cells. These data were also used to refine
model fit and parameter estimation, especially in determining kipP. x? values as low as 2.9 (p =
0.96) were calculated for the set of 11 substrate measurements. After quantifying MAPK
phosphorylation and aSMA expression at 24 hours, we directed our focus to the details of

dynamic signaling.
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TGF-B1 and FGF induce MAPK phosphorylation with different dynamic profiles
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Figure 8: Different dynamic activation profiles for activation of ERK and p38. Averaged
results of western blot densitometry analysis for pp38 (A-C) and ERK (D-F) activation over a 3
hour time course in MEF+/+ (A,D) and FAK -/- (B,E) cells treated with 1ng/ml TGF-B1 or 10
ng/ml FGF. Average p38 and ERK activity after 24 hours of treatment (C,F). * indicates
significant difference (p < 0.05) from average no treatment within cell type and time course.
indicates significant difference (p < 0.05) from the MEF+/+ sample within treatment and time

Time (min)

point. G-L are the model output values for the same quantities at the same time points.
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Western blot data show significant and sustained p38 phosphorylation in response to
TGF-B1, which peaks at 1 hour in both MEF+/+ and FAK-/- cells and remains significantly
enhanced (p = 0.017) after 24 hours of treatment (Figure 8A-C). While the shape of this
activation is consistent between cell types, the peak magnitude in the FAK-/- is significantly
lower (p = 0.007). Steady state p38 phosphorylation at 24 hours is also significantly lower in
FAK-/- cells relative to MEF+/+ (p = 0.046). In the same set of experiments, FGF induces a
rapid increase in p38 phosphorylation, which attenuates to less than 1.5 fold of the non-treated
group within one hour. FGF induced a dramatic increase in ERK phosphorylation in both cell
types in five minutes that persisted for at least 3 hours (Figure 8D-E) and was still significantly
elevated at 24 hours (Figure 8F). TGF-f1 induced a slight significant increase at 30 minutes,
which faded to insignificance within 1 hour. However, both cell types show significantly
enhanced ERK phosphorylation at 24 hours after treatment with TGF-B1 (Figure 8F). The
dynamic ERK and p38 trends produced by model simulations share the same general shape as
the experimental results, but the relative values are lower (Figure 8G-L). In this model, FGF
does not directly activate p38, since the short duration and relatively low level of activation
would not have a significant enough effect on aSMA content to justify the addition of model
complexity. The model does predict a slight rise in p38 activation in MEFs following FGF

stimulation that is transduced through FAK enhanced Src activation (Figure 8G).
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Sensitivity analysis

Sensitivity analysis of the model with optimized parameters predicted that FAK-/- cells
would be more sensitive to TGF-f1, FGF, and stiffness relative to MEF+/+ cells. Sensitivity
analysis indicates that the model’s response to TGF-B1 stimulation is most sensitive to changes
in rate constants controlling the activation and deactivation of p38, Src, and TBR2 (Table 4). Of
the boundary constraints and initial conditions, the total amount of B1 integrin has the largest
effect on relative aSMA in MEF+/+ and FAK-/- models. While the rank and sign of sensitivities is
conserved between MEF+/+ and FAK-/- models, the magnitude of the parameters is often
higher in FAK-/- models. One interesting exception is KTpP, which is slightly lower in FAK-/-
models (0.15 vs. 0.18). In MEF+/+ simulations, the response to FGF is most sensitive to the rate
of FGF activation of ERK, the deactivation rate of FAK, and the rate of FAK-based activation by
integrins. SYF-/- models have no reaction to TGF-B1, and their reaction to FGF is less sensitive
to stiffness, FGF, and the rate of ERK activation by FGF than the MEF+/+ model. Sensitivity to
both TGF-f1 and FGF and all the rate constants was predicted to increase on fibronectin-

coated PDMS (stiffness 900 kPa) relative to TCP.

Table 4: Sensitivity analysis

parameter MEF+/+ FAK-/- SYF-/- (o'\r’]' EPFE;I\//TS)
TGF-p1 0.19 0.23 0 0.28
Inputs and FGF* -0.293 -0.32 -0.27 -0.33
boundary stiffness -0.02 -0.03 0 -0.07
conditions B1-total -0.30 -0.29 0 -0.39
B3-total -0.13 -0.22 0 -0.22
KTpP 0.18 0.15 0 0.24
klpP -0.24 -0.26 0 -0.30
Rate kKFGFpE* -0.27 -0.31 -0.26 -0.29
constants kaSMAf -0.03 -0.09 0 -0.06
kaSMAr 0.03 0.09 -0.18 0.06
kaSMA* -0.09 -0.20 -0.17 -0.13

Subset of sensitivity coefficients (S) for each simulated cell type. Sensitivity analyzed after
treatment with TGF-B1 or FGF (indicated by *). Results are shown for model 04, which contains
direct dependence on Src
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Model can predict results across substrate and cell type

A 4, B 20
Il MEF+/+ 1.8 4
N FAK-/- EE TCP
s B SYF-/- 1.6 [/ PDMS
g 3 A Model _5 14 —7— Model
s 1l
: 2 ] -
3 =
n 0.8 -
R : *
= R
s -% 0.6 -
2 <
x 0.4 4
0.2 - ﬁ
0.0 T T :
NT TGF-B1 FGF NT  TGF-B1 FGF

Treatment
Figure 9: Model fit to TGF-B1 and FGF treatment across cell types and substrates.
Average values of aSMA in MEF+/+ and FAK-/- cells (A) after 24 hour treatments and (B) in
MEFs on TCP or fibronectin coated PDMS. Model predictions from model 04 with optimized
parameters are plotted as triangles.

With optimized model parameters, we tested our model’s ability to predict the effect of
growth factor treatment on cells lacking Src and FAK that we observed in vitro. Figure 9A shows
the model results plotted over the experimental results (same as Figure 6). We also measured
the combined effects of treatment and substrate stiffness by treating cells plated on fibronectin-
coated PDMS (Figure 9B) and found a statistically significant interaction between substrate and
treatment (p = 0.004). Further, there is a significant difference (p < 0.05) between TCP and
PDMS for non-treated and TGF-B1-treated cells, but not for FGF-treated cells. Within each
substrate, both FGF and TGF-B1 treatment cause a significant (p < 0.05) change in aSMA
expression. The model predictions are plotted over the experimental results, and were within a

standard deviation for all but the TGF-B1-treated sample on PDMS.
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Model comparisons

Eight candidate models were developed and evaluated to find the ideal fit to both steady
state protein activation and dynamic protein phosphorylation events. The relative AIC
(calculated as the difference between a given model’'s AIC and the minimum AIC) provides a
useful criterion for eliminating inferior models and improving model parsimony. After parameter
optimization of kaSMAf and kTpP for each model, simulated aSMA outputs were compared
against the validation data set (Figure 9) and the MSE, x? statistic, AIC, and AAIC were
calculated (Table 5). The relative strength of evidence for any model (in comparison) can be
estimated as e, In other words, a model with AAIC greater than 10 is more than 148 times
less likely than the best model.***° We found that the model with the lowest AIC also had a very
low MSE and y? while maintaining close agreement with the dynamic pp38 and pERK curves
observed experimentally. Model 03 contained the modified aSMA production equation (Equation
2) which has a Src-dependent term and negative feedback to Src but did not contain negative
feedback to ERK. AAIC for the equivalent model (02) with the unmodified equation for aSMA
production (Equation 1) was 5.91, giving strong evidence that the Src-dependent term is
supported by the data. Model 15 did not have a negative feedback loop for ERK, which means
that the observed change in relative ERK phosphorylation from 3 hours to 24 hours (Figure 8D-
F) could not be replicated by this model. The equivalent model with negative feedback to ERK
(model 04) had an AAIC of 1, so it is reasonably close to the optimal model. Furthermore, after
optimization model 04 was able to achieve lower y* values and better matching to the
calibration data. Model 04 simulations are presented in Figures 4 and 5. Model 07 had the
lowest MSE and best fit to the experimental data set via the addition of a calpain feedback loop
which degrades B3 integrin and FAK, but this addition of model complexity increased the AIC
score above the simpler models 03 and 04. These data indicate that the features of the model

presented above have reasonable support from the data.
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Table 5: Model comparison and statistical analysis

2

Model Features MSE X AAIC
No Src dependency or Src feedback or
01 ERK feedback 0.768 541.96 6.66
02 No Src dependency term, but Src and ERK 0.499 278.9 6.03
feedback
04* Src dependency, Src and ERK feedback 0.090 24.79 0.93
05 Model 04 without STESGSS dependence of 0.163 5123 196
06* Model 04 with B3 integrin positive feedback 0.083 19.14 2.82
o7 Model 03 with Calpain negative feedback 0.019 16.46 3.85
to ERK

08 More direct aSMA dependence on ERK 0.052 44.47 0.35
03* Src dependency and Src feedback 0.029 18.64 0

* Indicates that the y* value for the given model has a p < 0.05 for a y? distribution with 15
degrees of freedom, indicating that the model predictions are not significantly different from the
experimental data set.

Discussion

The role of Src

Using genetically modified MEFs, we have highlighted the importance of Src family
kinases and FAK in the regulation of myofibroblast differentiation. Our results demonstrate a
profound inhibitory effect of removing Src on aSMA production and stress fiber assembly.
Densitometry revealed comparable levels of p38 and ERK phosphorylation in SYF-/- cells
relative to MEF+/+ cells (data not shown), so the effect is likely operating through a different
mechanism. This prompted the addition of a Src-dependent term to the aSMA production
equation to capture the significant aSMA reduction in SYF-/- cells (Equation 2). Without the
addition of that term, SYF-/- cells in silico behave similarly to FAK-/-, since the absence of Src
prevents the activation of FAK kinase ability. It is likely that signaling downstream of Cas and
other Src substrates is necessary for proper aSMA synthesis. TGF-B1 signals to TGF-
activated kinase 1 and subsequent aSMA production is significantly reduced with Src inhibition
and the removal of FAK.>! This result is consistent with recent reports of Src’s prominent role in

non-canonical TGF-B1 signaling in the context of myofibroblast differentiation.?*
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The role of FAK

Interestingly, the absence of FAK, a protein which is known to enhance Src activation
and signal to p38, caused a significant increase in aSMA. Given its complex role in multiple
signaling cascades, it is not surprising that reports of the effect of FAK on myofibroblast
differentiation vary. Blocking FAK expression in cardiac fibroblasts with siRNA has been shown
to decrease force-induced aSMA promoter activity.** Furthermore, Ding et al. (2008) have
reported that aSMA production in serum-free conditions and after TGF-B1 treatment is higher in
FAK expressing MEFs compared with FAK-/- counterparts. They found that FAK-related non-
kinase blocked TGF-B1-induced FAK activation, p38 and pERK phosphorylation, and aSMA
upregulation in primary fibroblasts and in FAK-/- cells.®® Alternatively, others have reported that
FAK is involved in FGF signaling to ERK in response to FGF cells, and FAK-/- cells contain
enhanced aSMA accumulation and persistence after treatment with FGF.>?* They also report
reduced basal ERK phosphorylation in FAK-/- cells, and proposed a model for FGF signaling to
ERK requiring FAK.** This informed the development of our model and is consistent with the
decreased initial ERK phosphorylation and increased aSMA that our model predicted.
Additionally, we found that FGF was able to induce significant ERK phosphorylation and lower
aSMA in the absence of FAK, which indicates that FAK is not required for FGF- and ERK-based

inhibition of aSMA.

Integrin mechanotransduction

One of the major goals of this project was to clarify the interactions between growth
factor and integrin signaling in the regulation of myofibroblast differentiation. We first showed
that decreasing substrate stiffness can significantly lower the expression of aSMA in MEFs
through a fibronectin-integrin interaction that is significantly altered in FAK-/- cells (Figure 7D).

Sensitivity analysis of the model predicted that FAK-/- cells would be more sensitive to changes
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in stiffness, which is observed in the experimental data (Figure 7D). The relationship between
aSMA and stiffness has been shown previously and is correlated with changes in p38
activation.® Both 1 and B3 integrins have been shown to have mechanosensitive capabilities
and are involved in outside-in signaling to intracellular kinases like FAK and Src.®’ Our model
uses an activation function proportional to the log of stiffness to simulate integrin activation of
FAK, Src, and p38, which gives good agreement with experimental results (Figure 7D). We
further showed the combinatorial effect of substrate changes and growth factor treatments and
found a significant interaction, justifying the development of an integrated signaling model
(Figure 9B). All the data in Figure 9 were well matched by a model whose parameters had been
optimized to an independent data set (Figure 7), which strengthens our proposed model on the
roles on p38 and pERK. The largest discrepancy between model prediction and experimental
results, response to TGF-B1 in cells on PDMS, highlights an area needing more detailed
investigation: the effect of stiffness and integrin signaling on TGF-B1 pathways. 33 integrins are
known to interact with TGF-B1 signaling to Src and p38° and are a likely target for further

insights.

Time course results

Surprisingly, our time course results show that ERK phosphorylation in non-treated FAK-
/- cells is not significantly different from MEF+/+ at 24 hours and is significantly higher at 30
minutes. Sensitivity analysis of the model predicted that FAK-/- cells would be more sensitive to
changes in TGF-B1 and FGF. Our experimental results seem to confirm that FAK-/- cells have a
higher sensitivity to environmental pertubations when the media is changed at the start of the
time course. ERK’s specific role in aSMA regulation has also presented in multiple perspectives.

5254 \while others

Some have argued that ERK is necessary for TGF-B1 induced activation,
proposed a largely inhibitory role.>***>*® Several groups have shown that MEK1/2 inhibition

significantly increases aSMA expression in fibroblast-like cells.””*® ERK is a major player in a
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large set of signaling pathways, which interacts with several other MAPKs to transduce a variety
of signals. For instance, ERK is necessary for TGF-B1-induced upregulation of collagen-1 and
cadherin 11, two other markers of myofibroblast differentiation.’’*® One of the goals of this
project was to investigate the possibility of matching the observed upregulation of ERK by TGF-

B1 and FGF in a model with a relatively straightforward aSMA regulatory scheme.

Novel findings from model analysis

We developed a computational model of these overlapping signaling pathways and a set
of tools for network analysis and hypothesis generation. Sensitivity analysis of the model
predicted higher sensitivity to FGF and stiffness in FAK-/- cells relative to MEF+/+.
Experimentally, FAK-/- cells demonstrated a larger relative change in response to FGF than in
wild type cells (63% or 49% decrease, respectively), but a smaller relative response to TGF-$1
(55% or 73% increase, respectively) (Figure 9A). According to the constitutive equation for
aSMA activation, the sensitivity of equilibrium aSMA to both p38 and pERK is inversely
proportional to ERK activation, so lower basal ERK activation, as found in FAK-/- cells, should
cause higher sensitivity to all parameters which affect ERK and p38 activation. Functionally,
equations 1 and 2 mean that the presence of active ERK dampens the sensitivity of the system
to changes in MAPK activation. Since the growth factors present in serum can cause a
significant increase in ERK activation, we performed all of our ELISA and western blot
experiments in serum-free conditions. Sensitivity to both TGF-B1 and FGF was predicted to
increase with decreasing stiffness, and was observed in the case of FGF (54.5% vs. 49.5%
decrease) though the reverse is true for TGF-B1 (45% vs. 73% increase) (Figure 9B). Further
investigation into altered signaling on softer substrates could help clarify this discrepancy. Our
model comparison revealed that a direct dependency on active Src greatly enhanced the quality
of model fit. It also indicated that including more complex network interactions, like calpain-

based negative feedback, can improve model accuracy, but not enough to justify additional
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model complexity. Future analysis of the model using larger calibration and validation data sets
will give more insight into the dynamics of myofibroblast regulation. Overall, this study
demonstrates the feasibility of p38/ERK/Src-based regulation of aSMA production during

fibroblast differentiation.

Conclusions

In this study we have demonstrated that an ODE-based computational model of relative
protein expression can successfully capture a subset of the dynamic and steady-state events
observed during fibroblast differentiation. We have further shown that the mechanism of
Src/p38/ERK-based regulation of aSMA as described herein is a feasible model for regulation of
myofibroblast differentiation. Model simulations were able to replicate the dual, dynamic profile
of TGF-B1 and FGF signaling to p38 and pERK and show that despite the fact that it increases
with TGF-B1 treatment, ERK may be acting primarily as a negative regulator of aSMA. Our
results indicate that Src is crucial for aSMA synthesis and demonstrate that FAK plays an
important role in integrating signals for the regulation of aSMA production and myofibroblast

differentiation.
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CHAPTER Il

CONCLUSIONS AND FUTURE WORK

Conclusions

The result from this work is a flexible model describing how Src, FAK, ERK and p38
integrate signals from integrins, TGF-B1, and FGF to regulate myofibroblast differentiation. We
have demonstrated that Src is necessary for TGF-1 and integrin-induced myofibroblast
activation, while FAK plays an inhibitory role. We have further shown that TGF-1 and FGF
stimulate p38 and ERK phosphorylation with different dynamic profiles. Finally, we have
demonstrated that a relatively simple model of aSMA regulation with positive dependency on
Src and p38 and negative dependency on ERK is a feasible explanation of observed trends in

myofibroblast differentiation.

Future Work

Future experiments to probe the dynamics of this system will provide greater insights
into this cellular process and strengthen the claims of our model. An ongoing study with B3
integrins will provide more experimental support for the initial activation steps of integrin
clustering and Src activation. Transfection of MEFs with fluorescently labeled 3 integrins allows
for visualization of integrin clustering on fibronectin-coated surfaces in control conditions and
after treatment with TGF-B1. Co-staining for active Src and western blots will reveal the
dynamics of Src activation and any interaction between TGF-B1 and 3 integrins. Preliminary
results indicate that TGF-B1 treatment alone is sufficient to induce inside-out B3 integrin
clustering and colocalization with activated Src. This interaction could have serious implications
in the progression of myofibroblast activation. This study can also be useful in estimating the

relevant local forces experienced by the integrins. Fluorescent images of integrin cluster
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locations and aSMA stress fiber distribution will be used to build cell-specific finite element
mechanical models which can be used to estimate local and average forces applied to integrins
under different conditions.

Future work will also expand the focus to examine other markers of myofibroblast
differentiation, such as cadherin 11 and collagen 1. Preliminary results show that both cadherin
11 and collagen 1 are significantly reduced in both FAK-/- and SYF-/- cells relative to MEF+/+.
These data indicate that the traditional markers of myofibroblasts have divergent regulation via
FAK. Immunostaining of MEF+/+ confirms that cadherin 11 and aSMA are not always
coexpressed. ERK is required for TGF-Bl-induced upregulation of both cadherin 11 and
collagen, so it is likely that disrupted signaling through ERK in the FAK-/- cells is responsible for
the observed differences in myofibroblast marker expression. This hypothesis will be more
thoroughly investigated through use of U0126, a MEK % inhibitor that will block ERK
phosphorylation.

Finally, this work will be targeted at a tissue-specific fibroblast population that has
immense clinical relevance. Cardiac fibroblasts are responsible for formation and maintenance
of the connective tissue structure of the heart. Serious remodeling defects like cardiac
hypertrophy and scar formation after myocardial infarction contribute significantly to heart failure
and are linked to cardiac fibroblast function. The new insights into the signaling that regulates
myofibroblast differentiation gained in this study will inform our study of cardiac fibroblasts in

vitro and in vivo.
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APPENDIX A

Model considerations

This ODE model was developed and analyzed in MATLAB. The initial conditions of all
active protein species were set at 0.001, the environmental conditions were matched to
experimental levels, and the model was allowed to equilibrate by simulation of 24 hours of
culture. Using the steady state variable values as a starting point, the dynamic response of the
system to treatments like addition of TGF-B1 or FGF was simulated. Details on some of the
specific activation steps can be found below.
Integrin activation and clustering

Both intracellular and extracellular cues can lead to and strengthen integrin activation,
but this model focuses on “outside-in” signaling linked to adhesion to ECM proteins collagen
and fibronectin. Integrins with a B1 subunit can adhere to both fibronectin and collagen and are
known to stimulate the activation of the autophosphorylation site on FAK (y397).”%°% Integrins
containing the B3 subunit are activated by adhesion to the RGD subunit of fibronectin and can
directly activate Src.'**? In both cases, integrin clustering reinforces integrin activation and
allows greater signaling to downstream targets like Src and FAK. In the model, dynamic
clustering is approximated by a simple dimerization step whereby ECM adhesion leads to a pair
of activated B1 or B3 integrins which in turn stimulate FAK or Src activation at a proportional
rate. This activation is also modulated by the log of the substrate stiffness, since B1 integrin
subunits are known to activate the autophosphorylation site tyrosine 397 of FAK proportionally
to the log of substrate stiffness.” P38 phosphorylation is sensitive to stiffness, and since B1
integrin is known to activate p38, all candidate models besides model 5 contain a stiffness-

dependent activation of p38.%%*

34



Equation for 1 integrin activation and clustering:
Blonrate = k1f = FN = Bloff? + k1f * Cl* Bloff? — klr = Blon

Equation for B1 integrin activation of FAK:
IpFrate = kIpF * log10(10 * stif fness) x Blon x F

Since MEFs are known to excrete fibrillar collagen and fibronectin in culture,®®®?

especially on
stiff substrates, we assumed that cells plated on plastic had the equivalent of 20 percent of
fibronectin present on a fibronectin-coated surface (assumed to be a maximum value of 1) and

10 percent of collagen that would be present on a collagen-coated surface (assumed to be a

maximum value of 1).

Src-FAK interactions

Src and FAK have a complex series of interactions and cross-phosphorylation which
require special attention in the model. FAK is a large scaffolding protein with several
phosphorylation sites and interactions with a large number of other proteins. B1 integrin
activation leads to phosphorylation of the autophosphorylation site of FAK, tyrosine 397 *°. An
association of the SH2 domain of the Src protein with the phosphorylated tyrosine 397 promotes
the open conformation of Src that prevents deactivation by phosphorylation of tyrosine 527 and
allows for more phosphorylation of tyrosine 416, increasing in Src kinase activity.'”®* When Src
associates with FAK in this manner it can also cause the phosphorylation of FAK at tyrosines
576, 577, 861, 925, and others. This secondary phosphorylation activates the kinase activity of
FAK and allows for signaling to downstream targets like ERK and p38. It also promotes FAK
autophosphorylation of y397 of surrounding FAK proteins.® This complex relationship is
represented in the model by a three-step activation scheme for FAK: inactive (FAK),
phosphorylated on 397 (pFAK), and in a complex with Src with the additional tyrosine residues

of FAK phosphorylated (3pF). Src also has three active states: inactive (Src), active (pSrc), and
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in the Src/FAK complex. A similar Src/FAK activation model was used in a model developed by
Caron-Lormier et al. in 2004.%” Whether or not Src in complex with FAK is able to phosphorylate
pp38 or perform other roles is one of the questions investigated by model comparisons.

Equation for Src activation of pF to form 3pF Src/FAK complex:
SpFrate = kSpF = S = pF + 10 * kSpF * pS * pF /(KmSF + pF)

Ten percent of the complex returns to pS phase after dissolution of the 3pF state, and all of it

returns to the pF state.

TGF-p1 signaling and Src based regulation

Src has an important role in non-canonical TGF-1 signaling to p38 in the regulation of
myofibroblast differentiation. After TGF-B1 ligand binding, the 284 tyrosine residue on TGF-1-
receptor 2 (TBR2) must be phosphorylated by Src for TGF-B1 induced activation of p38 to
occur.?’ This two-step activation is accounted for by the inclusion of an intermediate activation
state for the TBR2 receptor, which is associated with a TGF-$1 ligand and able to activate Src
kinase activity but unable to activate p38. The phosphorylated form of the receptor (pTBR2) is
able to induce p38 phosphorylation and Src activation.” Half of the TBR2 becomes recycled to
a -ree state after dephosphorylation.
Equations governing TGF-$1 signaling:

TBRTrate = k3f * Tgfb * TBR20off — k3r x TBR2T

TpSrate = kTpS S x (pTBR2 + TBR2T)

SpTrate = kSpT * TBR2T * pS/(KmST + TBR2T)
dTBR2T/dt = TBRTrate — SpTrate — 0.5 * dpT

Dynamic feedback loops
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A major goal of this study was to understand the crosstalk between direct TGF-1 and
FGF signaling to p38 and ERK. To account for the transient nature of signaling to both p38 and
ERK, some of the candidate models included negative feedback to Src and ERK. The Src
feedback loop approximates the role of Csk to limit Src kinase activity as focal adhesions
mature over time. Src and FAK activation signals through Cas and causes an accumulation of
paxillin in focal adhesions roughly proportional to the accumulation of aSMA.%* Paxillin recruits
Csk, which lowers Src activity **®. Another potentially relevant feedback mechanism is calpain,
which is activated by ERK and degrades FAK and B3 integrin.®® Finally, we simulated a positive
feedback loop by which p38 stimulates B3 integrin expression.®” These mechanisms add
complexity to the model but also make the model more relevant to the biological system and
provide closer matching with the dynamic phosphorylation events.

Equation for Src feedback loop:
dppS = —kSr * pS — kSt * 100 x aSMA * pS

Equation for ERK feedback loop:
dppE = —kEr * pERK — 10 * pERK /aSMA

Equations for calpain based feedback (incorporated in model 07):
calrate = kEaC * pERK — cal * 0.5
B3onrate = .-+ — kcaldeg * cal * B3on

dpF = :--— kcaldeg * cal * pF

Equations for p38- B3 integrin feedback (incorporated in model 06):
B3onrate = -+ + kPB3 * pP * B3of f?
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Example MATLAB code for candidate model 1

odel5s was used to solve

function dydt = IntegrinModelODEfuncOl (t,y,params)
% defines the system of ODEs describing the model
written by Alison Schroer

Vanderbilt University, 1/17/2012

o\

o\

o\°

Assign names for parameter values and state variables

%% define parameters

klf = params(1l);

klr = params (2);

k2f params (3) ;

k2r params (4) ;

kIpF = params (5

kIpS = params (6

kFpF = params (7
(8
9

) i

)

)
kTpS = params (8)
kSpF = params (9)
kFakpE = params (10);
kFGFpERK = params(1l1);
kSpT = params (12);
kTpP = params

’

(13);
kSpP = params(14);
kIpP = params (15);
KmFF = params(16);
KmST = params(17);
KmSF = params (18);
kPdE = params (19);

kP= params (20) ;
kE = params (21);
kStiff = params(22);

kSr = params (23);
kFr = params (24);
kPr = params (25);
KmPr = params (26) ;

kEr = params (27);
Bltot = params (28);

B3tot = params (29);
Ftot = params (30);
Stot = params (31)

Ptot = params (32);
ERKtot = params (33);
TBR2 = params (34);
Fn = params (35);

Cl = params (36);
Tgfb = params (37);
FGF = params (38);
stiffness = params (39);
kaSMAf = params (40);
kaSMAr = params (41);
kaSMAi1 = params (42);
kTr = params (43);
k3f = params (44);
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k3r = params (45);

Blon =y (1); %0n state reflective of engagement with engagement with ECM
and clustering
B3on =y (2); %0n state reflective of engagement with engagement with ECM

and clustering
TBR2T =y (3);
PTBR2 = (4);
pS = ;
pEF = ;
p3F =y
pP =y
PERK
asSMA =

Yy
Y ’

~

y
5
6
-
8
(

’

)
)
)
)7
9)

(10)

(
(
(
(
Yy
Yy
% Conservation equations

B3off = B3tot-2*B3on;

Bloff = Bltot-2*Blon;

F = Ftot-pF-p3F;

S Stot-pS-p3F;

P = Ptot-pP;

ERK = ERKtot-pERK;

TBR2off = TBR2 - pTBR2 - TBR2T;

% Reaction rates

Blonrate = klf*Fn*Bloff"2 +k1f*Cl*Bloff”2 - klr*Blon;
B3onrate = k2f*Fn*B30ff"2 - k2r*B3on;

TBRTrate k3f*Tgfb*TBR20ff - k3r* (TBR2T) ;

IpFrate = 1logl0(10*stiffness) *kIpF*Blon*F;

IpSrate = loglO0(10*stiffness) *kIpS*B3on*S;

IpPrate = loglO(stiffness)* kIpP*Blon*P;

TpSrate = kTpS*S* (TBR2T) ;

SpTrate = kSpT*TBR2T*pS/ (KmST+TBR2T) ;
FpFrate = kFpF*F*p3F/ (KmFF+F) ;

SpFrate = kSpF*S*pF+10*kSpF*pS*pF/ (KmSF+pF) ;
SpPrate = kSpP*pS*P;

TpPrate = kTpP*pTBR2*P;

FpErate = kFakpE*p3F*ERK;
PERKrate = FGF*kFGFpERK*ERK;

aSMAproduction = kaSMAf*pP/ (kaSMAi*pERK+1) ;%

aSMAdegredation = - kaSMAr*aSMA;
dpT = - kTr*pTBR2Z;

dppP = - kPr*pP;

dppS = - kSr*pS;

dppF = - kFr*pF;

dppERK = -kEr*pERK;

o)

% Differential equations;

dBlon = Blonrate;

dB3on = B3onrate;

dTBR2T = TBRTrate - SpTrate - 0.5*dpT;
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dpTBR2 = SpTrate + dpT;

dpS = IpSrate+TpSrate+dppS+kFr*p3F/10;

dpF = IpFrate+FpFrate+dppF+kFr*p3F-SpFrate;
dp3F = SpFrate-kFr*p3F;

dpP = SpPrate+IpPrate+TpPrate+dppP+kP*P;
dpERK = FpErate+pERKrate+dppERK+kE*ERK;
daSMA = aSMAproduction+aSMAdegredation;

dydt = [dBlon;dB3on;dTBR2T;dpTBR2;dpS;dpF;dp3F;dpP;dpERK;daSMA; 0] ;

[

% Reassemble differential equations
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