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Abstract

Fibrotic disease is a major cause of morbidity and mortality and is characterized by the transition 

of resident fibroblast cells into active myofibroblasts, identified by their expression of alpha 

smooth muscle actin. Myofibroblast differentiation is regulated by growth factor signaling and 

mechanical signals transduced through integrins, which converge at focal adhesion proteins (Src 

and FAK) and MAPK signaling, but lead to divergent outcomes. 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 αSMA production. We found that cells lacking Src or 

FAK produce significantly less or more αSMA than wild type cells, respectively. Transforming 

growth factor beta 1 and fibroblast growth factor signal through ERK and MAPK p38 with 

different dynamic profiles to increase or decrease αSMA expression, respectively. Our model 

effectively recreated αSMA expression levels across a set of 22 experimental conditions and 

matched some features of transient phosphorylation of ERK and p38. These results support a 

potential mechanism for regulation of fibroblast differentiation: αSMA production is promoted by 

active p38 and Src and opposed by ERK.
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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. This 

stiffening can cause heightened differentiation of neighboring fibroblasts through force 

transduction pathways and can lead to detrimental fibrotic pathologies in many organ 

systems.42 One hallmark of the myofibroblast phenotype is the production of alpha smooth 

muscle actin (αSMA; all acroynms are shown in Table 1) stress fibers, which transmit 

intracellular forces and increase the contractility of the cells and surrounding tissue.42,47 

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-β1) are known to promote 

the myofibroblast phenotype42 and fibroblast growth factor (FGF) has been shown to 

promote the quiescent fibroblast phenotype,29 but the intracellular effectors of these 

environmental cues have significant cross-talk,27,37 as seen in Fig. 1. Cells can experience 

mechanical tension and substrate rigidity through integrins, which are transmembrane 

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 β3 subunits are activated by fibronectin and 

transmit mechanical signals through the tyrosine kinase Src.35,38 Src and β3 integrin 

together enhance TGF-β1 non-canonical signaling to p38.9,14,15 β1 integrin subunits activate 

focal adhesion kinase (FAK) in a stiffness dependent manner.13 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.35,41

Signaling through integrins and growth factors appears to converge at the intracellular level 

on two particular kinases, p38 and ERK. TGF-β1 signaling and β1 integrin signaling both 

activate p38, which has been shown to promote the myofibroblast phenotype.24,33 

Conversely, ERK is required for FGF induction of the quiescent fibroblast phenotype.11 

FAK serves as a docking site for Src and enhances Src activation and signaling to p38,48 

while transducing signals from integrins and FGF to enhance ERK activation and limit 

αSMA production.8,17 FGF and TGF-β1 stimulate both p38 and ERK; however, they are 

known to lead to divergent outcomes.12,29 The complex and dynamic interactions of these 

signaling pathways complicates the regulation of fibroblast differentiation.

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.2 Some models have been developed for subsets of this system 

to clarify specific mechanisms, but do little to address network effects and responses.7,44,49 

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

range of 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.2 A model developed by Janes et al.26 integrates 
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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.25

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-β1 and FGF through p38 and 

ERK in the regulation of αSMA, 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-β1, FGF, and integrin signaling regulating the differentiation of fibroblasts. 

Known TGF-β1, 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 αSMA production and dynamic 

phosphorylation events. Sensitivity analysis and two model comparison techniques were 

developed to evaluate different model hypotheses and delineate potential mechanisms.

MATERIALS AND METHODS

Cell Culture

Wild type mouse embryonic fibroblasts (MEF+/+), MEFs lacking Src, Yes and Fyn (SYF−/

−),31 and MEFs lacking FAK (FAK−/−)23 were used in this study. These cell lines were 

provided by Steven Hanks (Vanderbilt University), and were originally isolated by Phillipe 

Soriano (Fred Hutchinson Cancer Research Center)31 and Dusko Ilic (Kumamoto University 

School of Medicine),23 respectively. 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/cm2 on tissue culture plastic (TCP) and 

kept in serum-free conditions during treatment with 1 ng/mL TGF-β1 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.4,39 Bulk stiffness of these formulations was measured 

to be 2.1, 0.9 and 0.24 MPa, respectively.39 The dishes were then sterilized under UV light 

for 40 min 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 μg/mL solution in 

sterile carbonate-bicarbonate buffer and rinsed in PBS before addition of cells. After 24 h of 

treatment, cells were fixed with 4% paraformaldehyde and permeabilized in 0.4% triton, 
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blocked in 1% BSA, and stained with a Cy3 conjugated monoclonal αSMA antibody 

(Sigma). Slides were mounted in Prolong gold with DAPI mounting media to stain the 

nuclei and imaged at 20× magnification.

Quantification of αSMA Production by Indirect ELISA

Indirect ELISA assays with αSMA polyclonal antibody (Abcam) were used to quantify 

αSMA expression after 24 h in serum-free conditions as previously described.21

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.21 Briefly, cells were serum-starved for 3–4 h 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 (β-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 

αSMA 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 

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”. Integrin adhesion, activation, and clustering was 

represented by a dimerization step similar to the strategy used in the integrin signaling 

model by Hammer et al.49 Src, FAK, and TβR2 were given three 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 1b 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. Substrate mechanics were 

incorporated into the model at the level of signaling from activated integrins to intracellular 

kinases via a scaling factor proportional to the log of substrate stiffness.13 Michaelis–

Schroer et al. Page 4

Cell Mol Bioeng. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



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 TGFβ receptor 2 (TβR2). A more 

detailed description of model formulation can be found in online Appendix.

Regulation of αSMA Production

In the simplification of this system, we focused on p38 and ERK as the primary regulators of 

αSMA production. Phosphorylated p38 (pp38) promotes the production of αSMA, while 

pERK inhibits αSMA accumulation by slowing the rate of production. According to the 

model proposed by Kawai-Kowase et al.,29 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:

αSMA production = d αSMA
dt = kaSMAf ∗ pp38

pERK . (1)

After initial experimental results showed a dramatically lower amount of αSMA in SYF−/− 

cells despite comparable levels of p38 phosphorylation, a modified equation for αSMA 

production was devised:

αSMA production = d αSMA
dt = kaSMAf ∗ pp38 ∗ 0.01 + pS

pERK . (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 FAK19,49 but these cascades are approximated as a single step with a 

lumped parameter for the sake of model simplicity. To estimate values for these lump 

parameters, we measured αSMA expression and relative ERK and p38 phosphorylation in 

MEFs after 24 h of treatment with 1 or 10 ng/mL TGF-β1 and FGF. We also tuned our 

model’s sensitivity to changes in mechanical stiffness by measuring αSMA in cells plated 

on PDMS of stiffnesses ranging from 230 kPa to 2.14 MPa and on TCP (stiffness ~3 GPa16). 

The MATLAB optimization function lsqnonlin 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 kFGFpERK) were optimized to fit the growth 

factor calibration data set for each model.

Sensitivity Analysis

Both the initial conditions and rate constants were varied over 2 decades around the primary 

estimation, and the relative change in output (αSMA 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:
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Sensitivity parameter S = αSMA/αSMA0
P /P0

. (3)

Candidate Model Development and Statistical Comparison

We developed a set of candidate models (described in Table 4 and in Online Appendix) 

which contain modified signaling mechanisms, reflecting different hypotheses. Two of the 

hypotheses posited were that a negative feedback loop in the regulation of Src or ERK 

phosphorylation would improve model fit to experimental data. We used a data set 

independent from the calibration curves used to refine the model to evaluate model fit and 

quantitatively assess the likelihood of certain interaction mechanisms. After simulating the 

set of eight experiments with each candidate model, we calculated the χ2 statistic for the set 

of experimental results. The χ2 statistic is a metric for measuring model fit while accounting 

for variability in experimental measurements:

χ2 =
i = 1

N y_expi − y_modeli
σi

. (4)

When χ2 is minimized, the agreement between the model prediction and the data is 

optimized.

Model Evaluation 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:5,40

AIC = 2K + 2 N /2 ∗ log 2π ∗ MSE + 1 , (5)

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. Some of the candidate models considered in this study contain additional feedback 

loops and mechanisms which increase the number of relevant parameters while improving 

model fit.

RESULTS

Src and FAK Significantly Regulate αSMA Production via Integrin Signaling

MEFs with genetically deleted focal adhesion proteins express significantly different levels 

of αSMA in serum-free conditions than wild type cells (Fig. 2). A two-way ANOVA shows 

significant interaction (p < 0.001) between cell type and treatment. SYF−/− cells expressed 

significantly less αSMA than MEF+/+ cells in all treatment groups (Fig. 2a) and have 

noticeably altered morphology, with a rounded cell shape and few well-defined actin bundles 

or stress fibers (Fig. 2b). Furthermore, there is no significant difference in αSMA expression 

between treatment groups within the SYF−/− cells. FAK−/− cells express significantly more 
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αSMA than MEF+/+ cells regardless of treatment, and both growth factors cause a 

significant effect relative to untreated FAK−/− cells (Fig. 2a). MEF+/+ and FAK−/− both 

have a fibroblast-like morphology, but in both treated and non-treated groups, a higher 

percentage of FAK−/− cells express αSMA (Fig. 2b). TGF-β1 causes an increase in 

intensity and frequency of αSMA expression and stress fiber formation in both cell types 

(Fig. 2b). FGF has the opposite effect, causing a loss of stress fibers and αSMA expression 

(Fig. 2b). The inverted roles that FAK and Src play in regulating myofibroblast 

differentiation prompted a more detailed look at downstream signals.

TGF-β1, FGF, and Stiffness Modulate αSMA in a Predictable Manner

We conducted calibration experiments to correlate growth factor concentration and stiffness 

to internal signaling and regulation of αSMA and refine our initial estimates of lump 

parameters. Our first calibration experiment (Figs. 3a, 3b, and 3c) clarified the relationship 

between growth factor concentration, equilibrium p38 and ERK phosphorylation, and 

αSMA expression in MEF+/+ cells. At 24 h, 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-β1 concentration (Fig. 3a). There is significant ERK phosphorylation after 24 h 

treatment with TGF-β1 that is independent of TGF-β1 concentration. There is also a 

significant increase in ERK activation with FGF treatment, which is highly dependent on 

FGF concentration (Fig. 3b). These data were used to refine estimates of kTpP, kFGFpERK, 

and kαSMAf (Table 3). The variability of the experimental measurements was considered in 

the optimization protocol; we selected the set of parameters which gave the minimum χ2 for 

each candidate model. By this technique, we achieved good agreement with our calibration 

curves, with χ2 values as low as 17.6 (p = 0.128) for the set of 15 growth factor 

measurements, indicating that the residuals between the model predictions and the set of 

experimental data are not significantly different from the expected value, given the 

variability of the data.

We next measured αSMA production over a range of substrate stiffness (Fig. 3d) and found 

a statistically significant interaction between cell type and substrate stiffness (p = 0.009). 

αSMA production was significantly reduced when cells were cultured on PDMS, with the 

lowest αSMA expression corresponding to a PDMS stiffness of 900 kPa. There was no 

significant difference between αSMA expression on fibronectin-coated TCP and uncoated 

TCP in either cell type.

αSMA 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. χ2 values as low as 4.5 

(p = 0.87) were calculated for the set of 11 substrate measurements. After quantifying 

MAPK phosphorylation and αSMA expression at 24 h, we directed our focus to the details 

of dynamic signaling.
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TGF-β1 and FGF Induce MAPK Phosphorylation with Different Dynamic Profiles

Western blot data show significant and sustained p38 phosphorylation in response to TGF-

β1, which peaks at 1 h in both MEF+/+ and FAK−/− cells and remains significantly 

enhanced (p = 0.017) after 24 h of treatment (Figs. 4a, and 4c). 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 h 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 1 h. FGF induced a dramatic increase in ERK phosphorylation in 

both cell types in 5 min that persisted for at least 3 h (Figs. 4d, and 4e) and was still 

significantly elevated at 24 h (Fig. 4f). TGF-β1 induced a slight significant increase at 30 

min, which faded to insignificance within 1 h. However, both cell types show significantly 

enhanced ERK phosphorylation at 24 h after treatment with TGF-β1 (Fig. 4f). The dynamic 

ERK and p38 trends produced by model simulations share the same general shape as the 

experimental results, but the relative values of short term phosphorylation are lower (Figs. 

4g, 4h, 4i, 4j, 4k, and 4l). Model predictions from both models 03 and 04 are shown in Figs. 

4g, 4h, 4i, 4j, 4k, and 4l to illustrate the difference between the models with (model 04) or 

without (model 03) a feedback term for ERK. In both models, pp38 is predicted to be lower 

in FAK−/− cells relative to MEF+/+ cells (Figs. 4g, 4h, and 4i), which is consistent with 

experimental trends (Figs. 4a, 4b, and 4c). However, the p38 activation curves predicted by 

the model peak sooner (20 min vs. 1 h) and at a lower relative size (~1.8 vs. ~6) than the 

experiment data showed. In model 04, short term ERK phosphorylation in FAK−/− cells is 

comparable to MEF+/+, which matches the experimental data more closely than model 3. 

Furthermore, model 04 predicts a more substantial increase in pERK in response to TGF-β1 

than model 03. In both of these models, FGF does not directly activate p38, since the short 

duration and relatively low level of activation would not have a significant enough effect on 

αSMA content to justify the addition of model complexity. The models do predict a slight 

rise in p38 activation in MEFs following FGF stimulation that is transduced through FAK 

enhanced Src activation (Fig. 4g).

Sensitivity Analysis

Sensitivity analysis of the models with optimized parameters predicted that αSMA 

production in FAK−/− cells would be more sensitive to TGF-β1, FGF, and stiffness relative 

to MEF+/+ cells (Table SC1). Analysis of basal αSMA production revealed that of the 

boundary constraints and initial conditions, the total amount of ERK has the largest effect on 

relative αSMA in MEF+/+ and FAK−/− models, with sensitivity coefficients of −0.94 and 

−0.71 respectively. Basal αSMA is also sensitive to the total amounts of p38, β1 and β3 

integrin across all models, cell types, and treatment groups. The different candidate models 

considered had variable sensitivities to Src and FAK, due to their differing model structure 

(Table SC2). Model 01, which contained the original equation for αSMA regulation (Eq. 1), 

was inversely related to Src, while models 03 and 04, with the modified equation, had 

positive S values for total Src. Between models 03 and 04, model 03 had higher predicted 

sensitivity to changes in both total FAK and total Src. The model’s response to TGF-β1 

stimulation is most sensitive to changes in rate constants controlling the activation and 

deactivation of p38, Src, and TβR2. While the rank and sign of sensitivities is conserved 

Schroer et al. Page 8

Cell Mol Bioeng. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



between MEF+/+ and FAK−/− models, the magnitude of the parameters is often higher in 

FAK−/− models. One interesting exception is kTpP, the rate of p38 phosphorylation by 

TGF-β1, which is slightly lower in FAK−/− models (0.12 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-β1, and their reaction to FGF is more sensitive to FGF and the rate of ERK 

activation by FGF than the MEF+/+ model. Sensitivity to both TGF-β1 and FGF was 

predicted to increase on fibronectin-coated PDMS (stiffness 900 kPa) relative to TCP. A 

subset of key sensitivity parameters can be seen in Table SC1.

Model can Predict Results Across Substrate and Cell Type

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 5a 

shows the model results (models 3 and 4) plotted over the experimental results (same as Fig. 

2). We also measured the combined effects of treatment and substrate stiffness by treating 

cells plated on fibronectin-coated PDMS (Fig. 5b) 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-β1-treated cells, but 

not for FGF-treated cells. Within each substrate, both FGF and TGF-β1 treatment cause a 

significant (p < 0.05) change in αSMA expression. The model predictions for models 03 and 

04 are plotted over the experimental results, and were within a standard deviation for all but 

the TGF-β1-treated sample on PDMS, the FAK−/− cells treated with TGF-β1, and the SYF

−/− cells (marked by *).

Model Comparisons

Eight candidate models (described in Table 4) 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 kTpP and kFGFpERK for each model, 

simulated αSMA outputs were compared against the validation data set (Fig. 5) and the 

MSE, χ2 statistic, AIC, and ΔAIC were calculated (Table 4). The relative strength of 

evidence for any model (in comparison) can be estimated as e−ΔAIC/2. In other words, a 

model with ΔAIC > 10 is 148.4 times less likely than the best model.5,40 We found that 

model 03 had the lowest AIC and also had a very low MSE and χ2 for the set of 24 h data. 

Model 03 contained the modified αSMA production equation (Eq. 2) which has a Src-

dependent term and negative feedback to Src but did not contain negative feedback to ERK. 

ΔAIC for the equivalent model (02) with the unmodified equation for αSMA production 

(Eq. 1) was 5.95, giving strong evidence that the Src-dependent term is supported by the 

data. Model 03 did not have a negative feedback loop for ERK, which means that the 

observed change in relative ERK phosphorylation from 3 to 24 h (Figs. 4d, 4e, and 4f) could 

not be replicated by this model (Figs. 4j, 4k, and 4l). The equivalent model with negative 

feedback to ERK (model 04) had an ΔAIC of 1.68, so it is reasonably close to the optimal 

model. Furthermore, after optimization model 04 was able to achieve lower χ2 values and 

better matching to the calibration data (see Table SB1). Models 03 and 04 simulations are 
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presented in Figs. 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 β3 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 in this study have reasonable 

support from the data.

DISCUSSION

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 αSMA 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 αSMA 

production equation to capture the significant αSMA reduction in SYF−/− cells (Eq. 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. Even with a modified Src 

equation, model 04 was unable to fully replicate the significant effect of Src’s absence. It is 

likely that signaling downstream of Cas and other Src substrates is necessary for proper 

αSMA synthesis. Src kinase activity is required for activation of the transcription factor 

SRF, which is necessary for production of αSMA.28,43 This result is consistent with recent 

reports of Src’s prominent role in non-canonical TGF-β1 signaling in the context of 

myofibroblast differentiation.21

Interestingly, the absence of FAK, a protein which is known to enhance Src activation and 

signal to p38, caused a significant increase in αSMA. 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 αSMA promoter activity.8 Furthermore, Ding et al.10 have 

reported that αSMA production in serum-free conditions and after TGF-β1 treatment is 

higher in FAK expressing MEFs compared with FAK−/− counterparts. They found that 

FAK-related non-kinase blocked TGF-β1-induced FAK activation, p38 and pERK 

phosphorylation, and αSMA upregulation in primary fibroblasts and in FAK−/− cells.10 

Alternatively, others have reported that FAK is involved in FGF signaling to ERK in 

response to FGF cells, and FAK−/− cells exhibit enhanced αSMA accumulation and 

persistence after treatment with FGF.17,29 They also report reduced basal ERK 

phosphorylation in FAK−/− cells, and proposed a model for FGF signaling to ERK requiring 

FAK.17 This informed the development of our model and is consistent with the decreased 

initial ERK phosphorylation and increased αSMA that our model predicted. Additionally, 

we found that FGF was able to induce significant ERK phosphorylation and lower αSMA in 

the absence of FAK, which indicates that FAK is not required for FGF and ERK-based 

inhibition of αSMA.

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 αSMA in MEFs 
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through a fibronectin-integrin interaction that is significantly altered in FAK−/− cells (Fig. 

3d). Sensitivity analysis of the model predicted that FAK−/− cells would be more sensitive 

to changes in stiffness, which is observed in the experimental data (Fig. 3d). The relationship 

between αSMA and stiffness has been shown previously and is correlated with changes in 

p38 activation.33 Both β1 and β3 integrins have been shown to have mechanosensitive 

capabilities and are involved in outside-in signaling to intracellular kinases like FAK and 

Src.13,38 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 (Fig. 3d). 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 (Fig. 5b). All the data in Fig. 5 were well 

matched by a models whose parameters had been optimized to an independent data set (Fig. 

3), which strengthens our proposed model on the roles on p38 and pERK. Model 04 had a 

closer fit to the dynamic phosphorylation of p38 and pERK, while model 03 better matched 

the validation data set of basal αSMA in different cell types. The largest discrepancy 

between model prediction and experimental results, response to TGF-β1 in cells on PDMS, 

highlights an area needing more detailed investigation: the effect of stiffness and integrin 

signaling on TGF-β1 pathways. β3 integrins are known to interact with TGF-β1 signaling to 

Src and p383 and are a likely target for further insights.

Surprisingly, our time course results show that ERK phosphorylation in non-treated FAK−/− 

cells is not significantly different from MEF+/+ at 24 h and is significantly higher at 30 min. 

Sensitivity analysis of the model predicted that FAK−/− cells would be more sensitive to 

changes in TGF-β1 and FGF. Our experimental results seem to confirm that FAK−/− cells 

have a higher sensitivity to environmental perturbations, such as when the media is changed 

at the start of the time course. Like FAK, ERK’s role in αSMA regulation has been 

presented from multiple perspectives. Some have argued that ERK is necessary for TGF-β1 

induced activation,6,10 while others proposed a largely inhibitory role.10,17,18,29,45 Several 

groups have shown that MEK1/2 inhibition significantly increases αSMA expression in 

fibroblast-like cells.22,32 ERK is a major player in a large set of signaling pathways, which 

interacts with several other MAPKs to transduce a variety of signals. For instance, ERK is 

necessary for TGF-β1 induced upregulation of collagen-1 and cadherin-11, two other 

markers of myofibroblast differentiation.22,34 One of the goals of this project was to 

investigate the possibility of matching the observed upregulation of ERK by TGF-β1 and 

FGF in a model with a relatively straightforward αSMA regulatory scheme.

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 TGF-β1 and 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-β1 (55 or 73% increase, respectively) (Fig. 4a). According to the 

constitutive equation for αSMA activation, the sensitivity of equilibrium αSMA 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, Eqs. (1) and (2) mean that the presence of active ERK 
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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-β1 and FGF was predicted to increase with decreasing stiffness according to the model 

prediction, and was observed in the case of FGF (54.5 vs. 49.5% decrease) though the 

reverse is true for TGF-β1 (45 vs. 73% increase) (Fig. 5b). 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 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 αSMA production during 

fibroblast differentiation.

The decision to limit active model variables and fit lump parameters to 24 h time points 

limits the predictive power of the model, especially for quantitatively matching the short 

term dynamic changes. We decided that this would be the best technique for modeling 

changes in αSMA expression, which occurs at a slower rate than dynamic phosphorylation 

changes. The model was developed from a variety of previously published models and 

experimental studies, so the relative rate constants presented here are not necessarily 

relatable to quantitative reaction kinetic experiments. Furthermore, the decision to hold the 

total value of the protein species constant at 1 limits the model accuracy. It has been shown 

that TGF-β1 promotes expression of β3 integrin,36 which could create feedback loops and 

have a large impact on model predictions. Our sensitivity analysis indicated that αSMA 

production is very sensitive to changes in total β1 and β3 integrin values (see Table SC1). As 

techniques for quantifying protein expression and activation improve, this model can be 

expanded and refined. The work presented here in parallel with experimental results is 

intended to give insight into the interactions between growth factor and integrin signaling in 

myofibroblast differentiation.

In this study we have demonstrated that an ODE-based computational model of relative 

protein expression can 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 αSMA as described herein is a feasible model for regulation of 

myofibroblast differentiation. Model simulations were able to replicate some of the dynamic 

features of TGF-β1 and FGF signaling to p38 and pERK and show that despite the fact that 

ERK increases with TGF-β1 treatment, it may still be acting primarily as a negative 

regulator of αSMA. Our experimental results indicate that Src family kinases are crucial for 

αSMA synthesis in fibroblasts and demonstrate that FAK plays an important role in 

integrating signals for the regulation of αSMA production and myofibroblast differentiation.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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FIGURE 1. 
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 the contribution of Src 

which is described in Eq. (2).
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FIGURE 2. 
Focal adhesion proteins FAK and Src regulate myofibroblast differentiation. (a) αSMA 

measured by ELISA after 24 h of culture in serum free media, 1 ng/mL TGF-β1, or 10 

ng/mL FGF. All FAK−/− and SYF−/− groups were 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 αSMA stress fiber assembly in cells grown on fibronectin-coated coverslips and 

stained for αSMA (red) and dapi nuclear stain (blue). The scale bar represents 50 μM.

Schroer et al. Page 17

Cell Mol Bioeng. Author manuscript; available in PMC 2020 October 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Calibration curves for reaction to growth factors and stiffness. (a–c) Concentration 

dependent changes to p38 and ERK activation and αSMA expression in response to TGF-β1 

and FGF. (d) Sensitivity to stiffness in production of αSMA 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 αSMA determined from indirect 

ELISA (c, d). Average results are presented (n = 4–12). These data were used to refine 

model parameters.
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FIGURE 4. 
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 h time 

course in MEF+/+ (a, d) and FAK−/− (b, e) cells treated with 1 ng/mL TGF-β1 or 10 ng/mL 

FGF. Average p38 and ERK activity after 24 h 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 point. 
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Relative p38 and pERK activation predicted by models 03 and 04 at corresponding time 

points (g–l).
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FIGURE 5. 
Model fit to TGF-β1 and FGF treatment across cell types and substrates. Average values of 

αSMA in MEF+/+ and FAK−/− cells (a) after 24 h treatments and (b) in MEFs on TCP or 

fibronectin coated PDMS. Model predictions from model 03 and model 04 with optimized 

parameters are plotted as circles and triangles, respectively. Model predictions which are 

more than one standard deviation away from experimental values are marked by *.
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TABLE 1.

Acronyms and abbreviations.

Term Description

αSMA Alpha smooth muscle actin: myofibroblast marker

TGF-β1 Transforming growth factor beta 1

TβR2 Type II TGF-β1 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-β1 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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TABLE 2.

List of active variables.

Variable name Description

B1on Amount of activated β1 integrin as a fraction of total

B3on Amount of activated β3 integrin as a fraction of total

TBRT TGF-β1 receptor (TβR2) with TGF-β1 ligand attached

pTBR2 Phosphorylated and ligand bound TGF-β1 receptor (TβR2)

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 − Σ (active 
protein species).
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