
Page 1 of 40 
 

EDA Fibronectin Microarchitecture and YAP Translocation During Wound Closure 1 

 2 

 3 

 4 

Jennifer Patten1, Patrick Halligan1, Ghazal Bashiri1, Michael Kegel1, Jacob D Bonadio1, Karin 5 

Wang1* 6 

1 Department of Bioengineering, Temple University, Pennsylvania 7 

 8 

 9 

*Corresponding Author: Karin Wang 10 

1947 North 12th Street Room 806 11 

Philadelphia, PA 19085 12 

 13 

215.204.3751 14 

 15 

karin.wang@temple.edu 16 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2024. ; https://doi.org/10.1101/2024.09.23.614581doi: bioRxiv preprint 

mailto:karin.wang@temple.edu
https://doi.org/10.1101/2024.09.23.614581
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 2 of 40 
 

Abstract 1 

Fibronectin (Fn) is an extracellular matrix glycoprotein with mechanosensitive structure-function. 2 

EDA Fn, a Fn isoform, is not present in adult tissue but is required for tissue repair. Curiously, 3 

EDA Fn is linked to both regenerative and fibrotic tissue repair. Given that Fn mechanoregulates 4 

cell behavior, Fn EDA organization during wound closure might play a role in mediating these 5 

differing responses. One mechanism by which cells sense and respond to their microenvironment 6 

is by activating a transcriptional co-activator, Yes-associated protein (YAP). Interestingly, YAP 7 

activity is not only required for wound closure, but similarly linked to both regenerative and fibrotic 8 

repair. Therefore, this study aims to evaluate how, during normal and fibrotic wound closure, EDA 9 

Fn organization might modulate YAP translocation by culturing human dermal fibroblasts on 10 

polydimethylsiloxane (PDMS) substrates mimicking normal (soft: 18 kPa) and fibrotic (stiff: 146 11 

kPa) wounded skin. On stiffer substrates mimicking fibrotic wounds, fibroblasts assembled an 12 

aligned EDA Fn matrix comprising thinner fibers, suggesting increased microenvironmental 13 

tension. To evaluate if cell binding to the EDA domain of Fn was essential to overall matrix 14 

organization, fibroblasts were treated with Irigenin, which inhibits binding to the EDA domain 15 

within Fn. Blocking adhesion to EDA led to randomly organized EDA Fn matrices with thicker 16 

fibers, suggesting reduced microenvironmental tension even during fibrotic wound closure. To 17 

evaluate if YAP signaling plays a role in EDA Fn organization, fibroblasts were treated with CA3, 18 

which suppresses YAP activity in a dose-dependent manner. Treatment with CA3 also led to 19 

randomly organized EDA Fn matrices with thicker fibers, suggesting a potential connected 20 

mechanism of reducing tension during fibrotic wound closure. Next, YAP activity was assessed 21 

to evaluate the impact of EDA Fn organization. Interestingly, fibroblasts migrating on softer 22 

substrates mimicking normal wounds increased YAP activity but on stiffer substrates, decreased 23 

YAP activity. When fibroblasts on stiffer substrates were treated with Irigenin or CA3, fibroblasts 24 

increased YAP activity. These results suggest there may be disrupted signaling between EDA Fn 25 

organization and YAP translocation during fibrotic wound closure that could be restored when 26 
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reestablishing normal EDA Fn matrix organization to instead drive regenerative wound repair.   1 

 2 

Introduction  3 

Wound healing in adult skin lacks the ability to recapitulate uninjured tissue structure-function, 4 

forming instead fibrotic tissue with limited functionality. Regeneration restores wounded tissue to 5 

its original organization, comprising controlled deposition and assembly of extracellular matrices 6 

(ECM) with basket-weave pattern or random organization1 through poorly understood or unknown 7 

mechanisms. Inducing regeneration is the holy grail of wound healing. Repair, the most common 8 

result of wound healing, often leads to increased deposition and dysregulated ECM assembly 9 

with excessively aligned fibers resulting in fibrotic tissue.2,3 The ECM4 regulates migration, 10 

morphology and fibrosis5–7 and is a unique target for therapeutic control of the fibrotic response.8–11 

10 12 

 13 

Mechanical forces, including tissue stiffness, play a key role in determining wound fate, with 14 

mitigation of mechanotransduction-based signaling decreasing the fibrotic matrix response.11–14  15 

Among the ECM proteins, fibronectin (Fn) distinguishes itself through its mechanosensitivity.15,16 16 

FnIII modules within Fn lack disulfide bonds and therefore make it mechanically malleable, 17 

allowing the fibronectin fiber to elongate up to 4x its resting length, exposing or disrupting various 18 

binding domains.17 Fn is a ~500 kDa dimeric matrix glycoprotein that contains a plethora of 19 

binding domains for cell adhesion, growth factor immobilization, and matrix protein binding.16,18 20 

Through these binding sites, fibronectin can variably dictate many cellular functions, including 21 

migration, adhesion, differentiation, and proliferation, all essential wound healing functions. 22 

Therefore, it is unsurprising that Fn drives cell behavior throughout all phases of wound healing.19–23 

23   24 

 25 

During clotting, circulating plasma Fn helps stem blood flow and begin provisional ECM formation 26 
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at the wound site.20,24 During inflammation, cells begin secreting cellular derived Fn that will then 1 

be replaced by a more permanent collagen matrix in the proliferation phase.25–27 During the 2 

remodeling phase, the Fn matrix either returns to a normal homeostatic response,20,21 or a chronic 3 

increase in Fn deposition and matrix alignment leads to an excessive fibrotic response.28 Fibrosis 4 

is characterized by a chronic over-alignment of the matrix associated with increased tissue 5 

stiffness; however, too disorganized and loose a Fn matrix during wound healing will not promote 6 

wound closure and will lead to worse wound outcomes.29–31 7 

 8 

One way that Fn controls cellular behavior is through the expression of different isoforms; 9 

depending on which exons are included, Fn’s isoform structure-function changes.18,25,26,32,33 The 10 

Extra Domain A (EDA) region is a cell-derived Fn isoform normally associated with fetal 11 

development and is only expressed in adults during wound healing and pathogenesis.32,34 The 12 

EDA fibronectin’s exon is located between FnIII11-12 at a central hub of integrin binding and growth 13 

factor sites and is suggested to be alternatively spliced at the wound site in response to 14 

microenvironmental cues,3 including increased mechanical tension.35 EDA, an extra FnIII module 15 

inserted into Fn, alters 3D conformation of its fibers,36 can bind additional integrins,3 and is heavily 16 

involved in inflammatory signaling.37–42 The EDA Fn exon is essential for wound closure 21,43 and 17 

promotes regeneration.44–46 However, the chronic overexpression of EDA Fn at the wound site is 18 

directly correlated to the strength of the fibrotic response.47–50 How EDA Fn regulates these 19 

disparate wound outcomes remains unclear; the altered mechanical profile of EDA Fn compared 20 

to fibronectin isoforms lacking the EDA domain is likely to hold some answers. 21 

 22 

Fn, as the provisional matrix, bears the primary mechanical load before being supported and 23 

replaced by the permanent collagen matrix as it is deposited.27,51,52 EDA Fn is a cryptic binding 24 

site conformationally blocked at equilibrium; it requires unfolding to unlock its binding domain, 25 

such as through increased mechanical tension.41,53 And mechanically sensitive EDA Fn drives a 26 
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variety of cellular functions including migration, fibrosis, and differentiation. EDA Fn  likely 1 

assumes more mechanical loading than EDA negative Fn to unlock its cryptic domain.41 Increased 2 

ECM tension also increases EDA Fn expression.35 As such, it is likely that EDA Fn bearing more 3 

load would expose the cryptic EDA domain to increase EDA-specific cell binding to alter wound 4 

healing responses. Therefore, controlling ECM microarchitecture is a potential 5 

mechanotransduction-based mechanism to restore normal cell behavior during wound healing. It 6 

is likely that increased mechanical tension is an important regulator of normal or fibrotic wound 7 

fate decided by EDA Fn. Therefore, this study seeks to investigate how substrate stiffness, 8 

mimicking either normal or fibrotic wounds, changes EDA Fn matrix microarchitecture during 9 

wound closure.  10 

 11 

Furthermore, the mechanism by which EDA Fn matrix microarchitecture mechanoregulates cell 12 

signaling during wound closure remains unclear. Yes associated protein (YAP) is a 13 

mechanotransduction-based transcriptional coregulator54 that is known to be activated by Fn53,54 14 

and mechanical stresses55 (i.e., substrate stiffness).56 Like EDA Fn, YAP is required for wound 15 

closure57 and linked to regenerative tissue repair.45,58,59 Again similarly to EDA Fn, excessive YAP 16 

signaling also drives a fibrotic response over time.60 YAP is sensitive to viscoelastic mechanical 17 

stimuli over elastic input, and activates various mechanosensing cell signaling functions beyond 18 

migration and fibrosis, including wound healing behaviors such as cell attachment/spreading,61 19 

proliferation,53 and apoptosis.62 Why YAP can successfully drive such a variety of contradictory 20 

cell behaviors may be due to its redundancy as a mechanotransduction signaling effector 21 

upregulating target genes in response to many different signaling pathways.6,13,63–67 However 22 

nuanced mechanical influences (i.e., matrix-mediated signaling, structural cues) on the 23 

mechanoregulator YAP will likely will provide insight into the dichotomy of YAP signaling.68–70 24 

Given that EDA Fn and YAP demonstrate similar contradictory functions dictating either normal 25 

or fibrotic wound repair and are both mechanically sensitive, we hypothesized that YAP is a 26 
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mechanotransduction signaling effector potentially controlled by EDA Fn during wound closure. 1 

To address our fundamental question of whether EDA Fn and YAP are on the same signaling 2 

axis to control wound fate, we developed a 2D wound closure assay to investigate if substrate 3 

stiffnesses mimicking normal or fibrotic wounds would similarly control EDA Fn matrix 4 

microarchitecture and YAP signaling. 5 

 6 

 Fn is a mechanically sensitive ECM protein with an isoform, EDA Fn, whose expression within 7 

wounds variably drives normal or fibrotic healing. Though EDA Fn is found in wounded and fibrotic 8 

adult tissue and is correlated with yes-associated protein (YAP) nuclear translocation, the 9 

mechanisms by which EDA Fn matrix microarchitecture mechano-regulates YAP nuclear 10 

translocation to drive normal or fibrotic healing remains unclear. Therefore, by controlling 11 

substrate stiffness to mimic either normal or fibrotic wounds and inhibiting EDA-specific cell 12 

binding to Fn or attenuating Yes-associated protein (YAP) signaling, we seek to evaluate if 13 

differential EDA Fn microarchitecture mediates YAP activity.  14 

 15 

Experimental Setup 16 

Cell culture 17 

Human dermal fibroblasts, adult (HDFa) cells (PCS-201-012, ATCC) were cultured in DMEM 1X, 18 

10% FBS (high serum) and 1% P/S. Cells passage 8 or younger were used in this assay. Cells 19 

were seeded at 45,000 cells/well in a 12 well plate 24 hours pre-wounding. Cell culture area was 20 

constrained by a 100 mm2 PDMS O-ring to create a cell seeding density of 45,000 cells/cm2. 21 

 22 

Material synthesis 23 

Polydimethysiloxane (PDMS) substrates were crosslinked at 49:1 and 40:1 ratios of 24 

base:crosslinker (Sylgard 184, Ellsworth, 50-366-794) to produce varying elastic moduli at 18 kPa 25 

and 146 kPa, respectively. The PDMS was weighed into each well of a 12 well plate, 0.25 g to 26 
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create a thin layer ~500 µm for culturing the cells. PDMS was cured for 4 hours at 60°C to 1 

complete the curing process. Substrates were washed with phosphate buffered saline (PBS) for 2 

2 hours (2x30 minutes and 1xhour incubations) to clear the substrate surface. Plates were 3 

sterilized with ultraviolet light for 15 minutes. Masks, to simulate wound area, were cut to be 0.5 4 

mm width from 10:1 crosslinked PDMS cured at 60°C for 4 hours. PDMS masks and O-rings were 5 

sterilized per face for 15 minutes each. Plasma fibronectin (33016015, ThermoFisher) at a 6 

concentration of 30 µg/mL was used to coat (1 hour incubation, 24°C) the PDMS substrate surface 7 

pre-mask placement to enable cell attachment. After plasma fibronectin attachment, the masks 8 

were placed in the center of each well. HDFa cells were seeded around each mask and left to 9 

adhere for 30 minutes at 37°C and 5% CO2 before a media wash step was performed. Cells were 10 

then cultured to confluency around the masks for 24 hours before mask removal. To simulate 11 

wound, masks were removed, and fresh media was added to each well at the assay start. 12 

 13 

Mechanical testing 14 

Compression testing was performed on the BOSE Electroforce 3230, where PDMS samples were 15 

compressed to 10% of their sample thickness at a rate of 0.0166 mm/s. Stress was found by the 16 

equation: σ=Force/Area, and strain was calculated by ϵ=ΔL/L, displacement over total sample 17 

length. The linear region of the resulting stress-strain plots was found by linear regression with an 18 

R2≥0.99. The slope of the linear regression was taken as the Young’s modulus of the PDMS. 19 

 20 

Conditional groups and controls 21 

Media was changed every 24 hours during the wound assay. The inhibition conditions were 22 

Irigenin, 50 µM (PHL83512-10MG, Millipore Sigma),71 and YAP inhibitor CA362 (CIL56, S8661, 23 

SelleckChem) at 0.5 µM concentrations. Each inhibitor was resuspended in dimethylsulfoxide 24 

(DMSO, 31 762 5ML, FisherScientific), and a DMSO wound assay control condition was run at 25 

45 µL/mL, corresponding to the larger inhibitor volume added to reach the desired concentration. 26 
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 1 

Assay endpoint and immunostaining 2 

Plates were fixed for one hour in 4% paraformaldehyde at 4, 24, 48, or 72h time points. 3 

Immunostaining  was  performed  with  phalloidin  (1:250,  f-actin  cytoskeleton,  A12380, 4 

ThermoFisher), DAPI (1:5000, D1306, ThermoFisher), IST-9 (1:400, EDA Fn, Abcam), 5 

AlexaFluor647 (1:100, secondary antibody for EDA Fn, A32728 ThermoFisher), Fn antibody 6 

(1:100, PA5-29578, ThermoFisher), YAP antibody (1:200, D8H1X, 14074S, Cell Signaling 7 

Technology), and AlexaFluor 488 (1:100, secondary antibody for Fn and YAP, A-11008, 8 

ThermoFisher). 9 

 10 

Confocal imaging and analysis 11 

Confocal images were obtained from within each wound using an Olympus Fluoview FV1200, 12 

30x oil objective, 2 µm thickness step slices, 0.75 µm pinhole. Lasers and laser powers used were 13 

the 405 at 4%, HV 507 (DAPI), 488 at 10%, HV 400 (AlexaFluor488), 543 at 21%, HV 600 14 

(phalloidin), 635 at 3%, HV 440 (AlexaFluor 647). The Olympus confocal microscope outputs OIF 15 

files with the individual laser and brightfield channels embedded into one image. Images were 16 

processed in ImageJ Fiji to project the max intensity of the z-slices taken into a single image 17 

according to the following preprocessing pipeline: the channels were split, separating out 5 18 

images, corresponding to the 4 lasers and brightfield. The maximum intensity of the z-slices was 19 

then projected to a new maximum intensity grayscale image for all laser channels, excluding 20 

brightfield. Max intensity images were saved for further analysis and then merged into a colored 21 

composite. These max intensity images were processed through TWOMBLI, an ImageJ Fiji macro 22 

which creates a binary mask from the fluorescent ECM fibers to analyze its microarchitecture.72  23 

 24 

Further matrix microarchitecture analysis upon these EDA Fn confocal images were performed 25 

to evaluate fiber width and fiber angle using CT-FIRE, a separate matrix analysis software that 26 
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identifies individual fiber metrics within a matrix via utilization of the curvelet transform and 1 

denoising techniques.73 The CT-FIRE input parameters of minimum fiber width, length were 2 

adjusted to fit the image resolution, and the CT-FIRE analysis was performed. Image exclusion 3 

criteria included visible deformations to the PDMS substrate. 4 

 5 

In ImageJ Fiji, max intensity projected images of DAPI, YAP, and actin were used to visualize the 6 

cell landscape and obtain accurate nucleic and cytoplasmic YAP fluorescent intensity per cell. 7 

Each measurement recorded the area, minimum and maximum gray value, integrated density, 8 

and mean gray value of the outlined region. Cytoplasmic and nuclei area and associated mean 9 

fluorescent intensities were found using the ImageJ Fiji intensity density function (mean gray 10 

intensity multiplied by area) and normalized for area to calculate the nucleic/cytoplasmic YAP 11 

ratios from the relative fluorescent intensities. Measurements of ~20 cells were taken per image, 12 

≥5 images per condition, save for the 4h condition which had N≥18. Inclusion criteria for cell 13 

measurement included <90% cell volume in field of view and distinct cell boundaries. 14 

 15 

Statistical analysis and Data Processing  16 

GraphPad Prism 9 was used to run one-way ANOVA with Tukey’s post hoc analysis. Outliers 17 

were defined as outside of two standard deviations from the mean of each condition and were 18 

removed. As TWOMBLI alignment, branching, density, and CT-FIRE fiber width and angle were 19 

sourced from the same images, these parameters were treated as paired for outlier removal from 20 

these data sets. Similarly, the YAP nuclear/cytoplasmic analysis and whole cell area analysis 21 

were also treated as paired for outlier removal. Data are presented graphically as box and whisker 22 

plots in main figures and tables of mean and standard deviations in supplemental; for clarity, in-23 

text citations show means with standard deviations. Schematics were created in Biorender. 24 
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1 

 
Figure 1: Fabricating PDMS substrates for wound assays and image analysis pipeline. 
A. Compression testing to 10% of material thickness was performed on polydimethylsiloxane 
(PDMS) substrates at varying base:crosslinker ratios to verify target stiffnesses. B. Young’s 
Moduli, the linear portion for each stiffness, was calculated by applying a linear regression fit 
with an R2≥0.99. One-way ANOVA, Tukey's posthoc analysis, ****P<0.0001. C. The wound 
assay was created by adsorbing plasma fibronectin onto the PDMS substrates, placing a 
PDMS mask, then culturing adult human dermal fibroblasts, HDFa, around the mask until 
confluency. Mask removal simulated beginning of wound assay at 0h. D. Confocal microscopy 
was used to image fluorescently tagged EDA Fn, actin, DAPI, and YAP. E. Matrix 
microarchitecture image analysis pathway. CT-FIRE and TWOMBLI analysis was run from the 
processed EDA Fn images (max intensity across the Z-stack projected into a single image). 
TWOMBLI applied a high-density matrix (HDM) threshold from which TWOMBLI generated a 
binary mask with a matrix of dark lines depicting detected matrix and white space marking any 
elements that did not meet the HDM threshold applied by TWOMBLI. TWOMBLI outputs 
include matrix architecture quantifications of alignment, density, and number of branch points. 
A similar matrix analysis algorithm, CT-FIRE, was also run on the processed EDA FN images 
to identify fiber width and angle.  F. DAPI, actin, and YAP images were used to extract YAP 
nuclear and cytoplasmic measurements. YAP image was converted from grayscale to a preset 
“fire” color scheme, to clear cell outlines without changing the pixel/fluorescence data. From 
left to right shows the cell selection (left), cytoplasmic (middle) and nucleic (right) YAP 
freehand outlining process from which the fluorescent intensity was obtained via ImageJ Fiji 
measurement. Schematics were created in Biorender. 
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 1 

 

 
Figure 2: EDA fibronectin microarchitecture post-wounding. A. Fluorescently labeled 
EDA Fn images were taken by confocal microscopy, scale bars 100 µm. B. Example matrix 
masks and alignment values generated from our samples by the ImageJ macro, TWOMBLI. 
From top to bottom, masks shown correspond to images shown in A: 24h, 18 kPa and 72h, 
146 kPa. C. EDA fibronectin matrix alignment returned by TWOMBI for each condition, 
**P=0.0066. D. Number of EDA fibronectin matrix branch points as calculated by TWOMBLI. 
****P<0.0001. E. EDA Fn matrix density as found by TWOMBLI analysis. *P=0.0482, 
***P=0.0003. F. CT-FIRE analysis of fiber width, µm. *P=0.046, **P=0.002, ****P<0.0001. G. 
CT-FIRE analysis of fiber angle, H. measured in degrees from horizontal (0 180). All N≥5, 
one-way ANOVA, Tukey’s post-hoc analysis.  I. Table of means ± standard deviations for the 
matrix analysis metrics, alignment, branching, density, fiber width, and fiber angle.  
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Results & Discussion 1 

2D biomimetic skin wound assay 2 

Although in vivo studies are the gold standard for wound studies,74 in vitro models such as the 3 

wound closure assay are recognized as important alternative methods to investigate cell-matrix 4 

interactions and dynamics.75 This 2D wound closure assay investigates EDA Fn matrix assembly 5 

and YAP nuclear translocation on two substrate stiffnesses, 18 kPa76,77 and 146 kPa,78 6 

representing wounded and fibrotic human skin stiffnesses, respectively. 7 

 8 

Polydimethylsiloxane (PDMS) was selected as the substrate because it demonstrates viscoelastic 9 

properties similar to human skin.32,37 By altering the base:crosslinking ratio of PDMS, the stiffness 10 

can be selectively varied. First, compression testing (Fig. 1A) was performed on various PDMS 11 

fabrications (Fig. S1) to select the best base:crosslinking ratio that would mimic wounded and 12 

fibrotic skin stiffnesses (Fig. 1B). From the compression testing, the Young’s moduli were found 13 

to be 18 kPa and 146 kPa for the 49:1 and 40:1 crosslinking ratios cured at 60°C in the oven, 14 

respectively. Plasma fibronectin was adsorbed onto the hydrophobic PDMS substrates to facilitate 15 

cell adhesion and to provide the plasma fibronectin that is the first of the fibronectin isoforms to 16 

be recruited to the wound site during the clotting stage.20 Adult human dermal fibroblasts, HDFas, 17 

were cultured to confluency around a PDMS mask; removal of the mask simulated wounding and 18 

the beginning of the wound assay (Fig. 1C). The fibroblast assembled fibronectin matrices post-19 

wounding (mask removal) were immunostained and evaluated by confocal imaging (Fig. 1D).  20 

Matrix organization analyses were performed using two matrix analysis software, the ImageJ 21 

macro TWOMBLI to extract alignment, density, branching, and the Matlab-based CT-FIRE to 22 

extract fiber width and orientation (Fig. 1E). Tracing YAP in nuclear and cytoplasmic 23 

compartments was run concurrently to investigate a potential EDA-YAP signaling axis during 24 

wound closure (Fig. 1F). 25 

 26 
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EDA Fn matrix microarchitecture is time- and substrate stiffness-dependent 1 

First, human dermal fibroblasts migrating into wounds on PDMS substrates mimicking normal 2 

(soft: 18kPa) and fibrotic (stiff: 146 kPa) wounded tissue were evaluated for the presence and 3 

timing of EDA fibronectin matrix assembly (Fig. 2A). On both PDMS substrates mimicking normal 4 

and fibrotic wounds, EDA Fn matrices were assembled within wounds as early as 24h. Noticeably, 5 

these matrices when stained with a polyclonal antibody recognizing a region within the N-terminus 6 

of Fn (PA5-29578, ThermoFisher; binds amino acids between 396 and 689 on fibronectin, 7 

comprising parts of the FNII1-2FNI7-9FNIII1 domains), revealed only the plasma Fn coating 8 

adsorbed onto the PDMS substrate to facilitate cell adhesion and plasma Fn matrix organization 9 

at later time points (Fig. S2). Therefore, within both our soft (normal) and stiff (fibrotic) PDMS-10 

based wound closure assay, HDFa deposited EDA Fn dictates much of the early matrix assembly. 11 

  12 

To quantify EDA Fn matrix microarchitecture, confocal images (Fig. 2A) were analyzed by an 13 

ImageJ Fiji macro, TWOMBLI, which quantified matrix alignment, branching, and density by 14 

generating a mask based on the signal obtained from the fluorescently labeled EDA Fn (Fig. 2B).72  15 

 16 

EDA Fn matrices assembled by fibroblasts migrating into wounds reveal distinct matrix 17 

architectural changes across time and substrate stiffnesses (Fig. 2). Fibroblasts on stiffer 18 

substrates mimicking fibrotic wounds assembled EDA Fn matrices that were more aligned (146 19 

kPa: 24h, 0.09998±0.04401; 48h, 0.1086± 0.03501; 72h, 0.1698±0.070496) than EDA Fn 20 

matrices assembled by fibroblasts on softer substrates mimicking normal wounds (18 kPa: 24h, 21 

0.039±0.02037; 48h, 0.102±0.0547; 72h, 0.1432±0.06325) (Fig. 2C,I). Matrix fibers are randomly 22 

organized in unwounded skin. During wound repair, a certain degree of matrix alignment is 23 

necessary to facilitate wound closure. However, prolonged and excessive matrix alignment drives 24 

an increased fibrotic response.29–31 Similarly, we demonstrate that EDA Fn is more aligned over 25 

time in fibrotic wounds.79  26 
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 1 

We also evaluated EDA Fn branching or number of branch points (Fig. 2D,I). When used in 2 

conjunction with density, branching can be used as an indication of matrix porosity.72 We see that 3 

fibroblasts on stiffer substrates mimicking fibrotic wounds assembled more branched EDA Fn 4 

matrices (146 kPa: 24h, 10883±1025; 48h, 11373±952.9; 72h, 10742±662.8) than that assembled 5 

by fibroblasts on softer substrates mimicking normal wounds (18 kPa: 24h, 6849±1546; 48h, 6 

10304±910.6; 72h, 10682±630.3). Matrix density was quantified by the fluorescent matrix signal 7 

detected in each field of view, or the amount of matrix assembled at each time point.72 Analysis 8 

of matrix density (Fig. 2E,I) demonstrates that fibroblasts migrating on stiff substrates mimicking 9 

fibrotic wounds (146 kPa: 24h, 0.4748±0.2511; 48h, 0.7057±0.07845; 72h, 0.6456±0.1602) 10 

overall assembled more EDA Fn than that of fibroblasts migrating on soft substrates mimicking 11 

normal wounds (18 kPa: 24h, 0.2662±0.08554; 48h, 0.5352±0.1302; 72h, 0.6552±0.1621). EDA 12 

Fn branching and matrix density both plateau over time, suggesting that there may be a threshold 13 

to the density of EDA Fn synthesized, deposited, and assembled within wounds. Matrices 14 

undergo remodeled after assembly.80 The half-life of Fn is 24-72h,81–83 indicating that Fn matrices 15 

are turning over in order to maintain tissue functionality. Moreover, Fn matrix remodeling is 16 

responsive to cell and microenvironmental forces.8,84,85 Our data suggests that there needs to be 17 

sufficient matrix assembled within a wound, prior to matrix remodeling. 18 

 19 

Next, individual EDA Fn fiber width was measured through CT-FIRE (Fig 2F,I). EDA Fn fibers 20 

assembled by fibroblasts migrating into wounds on stiffer PDMS substrates mimicking fibrotic 21 

wounds (146 kPa: 24h, 2.080±0.0616; 48h, 2.190±0.05648; 72h, 2.231±0.07867) were thinner 22 

than that of EDA Fn fibers assembled by fibroblasts migrating into wounds on softer PDMS 23 

substrates mimicking normal wounds (18 kPA: 24h, 2.311±0.08847; 48h, 2.208±0.1161; 72h, 24 

2.294±0.05237). The initially thinner EDA Fn fibers suggest that the aligned EDA Fn matrix is 25 

under high amounts of tension. And at later timepoints, EDA Fn fibers assembled by fibroblasts 26 
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on fibrotic substrates gradually became thicker, suggesting that there is less mechanical load so 1 

that EDA Fn fibers may relax. It is likely that the provisional EDA Fn matrix may be on its way to 2 

being remodeled into a collagen matrix,27 therefore thicker fiber widths could be due to the 3 

presence of collagen in the ECM, shielding the fibrotic (146 kPa) EDA Fn fibers from bearing a 4 

majority of the mechanical load. We also quantified EDA Fn fiber angles (Fig. 2G,I) against the 5 

horizontal plane (Fig. 2H). The horizontal origin plane was set parallel to the direction fibroblasts 6 

must travel to connect the wound edges together.86,87 Therefore, 0° or 180° indicates a fiber 7 

bridging the wound and 90° corresponds to a fiber that is perpendicular to wound closure. Initially, 8 

fibroblasts on stiffer substrates mimicking fibrotic wounds rapidly assembled a densely aligned 9 

EDA Fn matrix (Fig. 2C,D,E) with fiber angles closer to bridging the two edges of the wound (146 10 

kPa: 24h, 112.2°±15.77), than the sparse randomly oriented EDA Fn matrix assembled by 11 

fibroblasts on softer substrates mimicking normal wounds (18 kPa: 24h, 93.73°±9.994). 12 

Afterwards, fiber angles of EDA Fn matrices hovered around 90°, suggesting that cells switched 13 

from bridging the two sides of the wound to filling in the wound with more matrix fibers by 14 

assembling matrix fibers laterally (18 kPa: 48h, 85.12°±14.57; 72h, 85.12°±14.57; 146 kPa: 48h, 15 

94.12°±21.91; 72h, 94.12°±21.91).  16 

 17 

Collectively, these matrix microarchitecture measurements suggest that fibroblasts on stiffer 18 

PDMS substrates, when migrating to close wounds, rapidly assemble a densely aligned EDA Fn 19 

matrix network comprising thinner fibers under high tension. The increased mechanical tension 20 

in EDA Fn fibers likely contributes to changes in protein conformation or changes to the binding 21 

accessibility of the EDA domain for cells.88–90 Fibronectin is the first matrix protein deposited by 22 

fibroblasts at the wound site, and thus is the predominant matrix protein handling mechanical load 23 

during the early wound before collagen replaces the provisional component of the Fn matrix.27,91 24 

It is likely EDA Fn possesses a higher mechanical load capacity than EDA- Fn isoforms; the extra 25 

.CC-BY-NC-ND 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted September 25, 2024. ; https://doi.org/10.1101/2024.09.23.614581doi: bioRxiv preprint 

https://doi.org/10.1101/2024.09.23.614581
http://creativecommons.org/licenses/by-nc-nd/4.0/


Page 16 of 40 
 

FnIII module, a cryptic binding domain41, potentially providing more conformational flexibility to 1 

allow fibers to deform or stretch further before resisting cell contractility or microenvironmental 2 

forces. Therefore, mechanical modulation can dictate initial EDA Fn matrix microarchitecture 3 

within wounds, most prominently in the absence of other matrix elements. Having established that 4 

EDA Fn is a key matrix protein in the early stages of our wound assay and its microarchitecture 5 

sensitive to mechanical stimuli, we next sought to investigate if inhibiting cell binding to the EDA 6 

domain of Fn interferes with overall matrix assembly and microarchitecture during normal and 7 

fibrotic wound healing. 8 
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 1 

 2 

Interfering with cell binding to the EDA domain within Fn  3 

Cell binding to the EDA domain of Fn is responsible for many cellular functions essential to both 4 

normal wound healing and fibrotic wound healing.21,47 However, how cell adhesion to the EDA 5 

domain of Fn contributes to EDA Fn matrix structure-function during wound repair is not fully clear. 6 

 
Figure 3: Inhibition of wound EDA fibronectin-mediated matrix-cell binding and partial 
inhibition of YAP alter EDA Fn matrix microarchitecture over time and stiffness. 
Fluorescently labeled EDA Fn images of the of the wound assay were taken by confocal 
microscopy post-wounding at 4h (A) and 24h (C)  of the DMSO control, Irigenin-based 
inhibition of the EDA Fn mediated matrix-cell binding, and CA3-mediated partial inhibition of 
YAP. Scale bars 100 µm. B,D. Example matrix masks and alignment values generated from 
our samples by the ImageJ macro, TWOMBLI. E. TWOMBLI generated matrix alignment 
values. *P≤0.0288. F. Number of branch points from TWOMBLI analysis of EDA Fn matrices. 
****P<0.0001, only same stiffnesses compared across conditions. G. EDA Fn matrix density 
as returned by TWOMBLI analysis. *P=0.0216, **P=0.002, ***P=0.0005, ****P<0.0001, only 
same stiffnesses selected for comparison across conditions. H. Fiber width as returned by 
CT-FIRE analysis. *P≤0.0282. I. Fiber angle from horizontal, CT-FIRE, *P=0.0261. All N≥5, 
4h and 24h conditions only, one-way ANOVA, Tukey’s post-hoc analysis. J,K,L, Table of 
mean ± standard deviation for the three test conditions, DMSO (J), Irigenin (K), and CA3 (L), 
for alignment, branching, density, fiber width, and fiber angle. 
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Irigenin, a competitive inhibitor of cell binding to the EDA domain within Fn, was exogenously 1 

added to the wound assays (Fig. 3A,C).71 As Irigenin was reconstituted in dimethylsulfoxide 2 

(DMSO), DMSO was added exogenously to parallel wound assays as a control. Moreover, there 3 

is a need to quantify early matrix microarchitecture as changes to initial cell binding to EDA Fn 4 

and EDA Fn matrix assembly likely dictate the remainder of the wound closure process. 5 

Therefore, the remainder of the study focuses on only the 4h and 24h time points.  6 

 7 

First, initial EDA Fn matrices assembled by fibroblasts treated with DMSO (control) migrating into 8 

wounds (Fig. 3) reveal similar matrix architectural changes across time and substrate stiffnesses 9 

(Fig. 2). Fibroblasts treated with DMSO (control) on stiffer substrates mimicking fibrotic wounds, 10 

assembled EDA Fn matrices that were more aligned (146 kPa: 4h, 0.06742±0.02992; 24h, 11 

0.08015±0.02905) than EDA Fn matrices assembled by fibroblasts treated with DMSO (control) 12 

on softer substrates mimicking normal wounds (18 kPa: 4h, 0.05823±0.02091; 24h, 13 

0.07229±0.04525) (Fig. 3E,J). However, a new EDA Fn matrix alignment trend emerged when 14 

competitively blocking cell binding to the EDA domain of Fn with Irigenin treatment. Fibroblasts 15 

treated with Irigenin on stiffer substrates mimicking fibrotic wounds, assembled EDA Fn matrices 16 

that were more randomly oriented or less aligned (146 kPa: 4h, 0.06716±0.02349; 24h, 17 

0.07924±0.04175) than EDA Fn matrices assembled by fibroblasts treated with Irigenin on softer 18 

substrates mimicking normal wounds (18 kPa: 4h 0.07688±0.04373; 24h, 0.1151±0.05154). This 19 

suggests that within fibrotic wounds, treatment with Irigenin, or inhibiting cell binding to the EDA 20 

domain of Fn, may restore normal EDA Fn fiber orientation to mitigate the pro-fibrotic response 21 

during wound closure. However, within normal wounds, treatment with Irigenin and preventing 22 

cell binding to the EDA domain of Fn may unintentionally enhance EDA Fn matrix alignment and 23 

drive a pro-fibrotic response; demonstrating that cell binding to the EDA domain of Fn is necessary 24 

during normal wound closure.   25 

 26 
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Then, we examined EDA Fn branching (Fig. 3F,J,K). Fibroblasts treated with DMSO (control) on 1 

stiffer substrates mimicking fibrotic wounds, assembled EDA Fn matrices that were initially less 2 

branched but then more branched (146 kPa: 4h, 3942±1433; 24h, 13035±535.9) than EDA Fn 3 

matrices assembled by fibroblasts treated with DMSO (control) on softer substrates mimicking 4 

normal wounds (18 kPa: 4h, 4721±1701; 24h, 10945±3015). Fibroblasts treated with Irigenin on 5 

stiffer substrates mimicking fibrotic wounds, assembled EDA Fn matrices with similar levels of 6 

matrix branching (146 kPa: 4h, 3177±1872; 24h: 12110±3210) compared with EDA Fn matrices 7 

assembled by fibroblasts treated with Irigenin on softer substrates mimicking normal wounds (18 8 

kPa: 4h, 3211±1359; 24h, 12863±1013). Quantifying matrix density (Fig. 3G,J,K) demonstrates 9 

that fibroblasts treated with DMSO (control) migrating on stiff substrates mimicking fibrotic wounds 10 

(146 kPa: 4h, 0.1247±0.07111; 24h, 0.7686±0.1103) initially assembled less, but then more EDA 11 

Fn than that of fibroblasts treated with DMSO (control) migrating on soft substrates mimicking 12 

normal wounds (18 kPa: 4h, 0.1808±0.1201; 24h, 0.5082±0.2885). Fibroblasts treated with 13 

Irigenin on stiffer substrates mimicking fibrotic wounds, overall assembled similar levels of EDA 14 

Fn (146 kPa: 4h, 0.1185 ±0.07035; 24h, 0.7034±0.2886) compared with EDA Fn matrices 15 

assembled by fibroblasts treated with Irigenin on softer substrates mimicking normal wounds (18 16 

kPa: 4h, 0.09294±0.08060; 24h, 0.7211±0.1272). As expected, these data indicate that the 17 

amount of EDA Fn deposited within normal or fibrotic wounds is unchanged with Irigenin 18 

treatment, which would only prevent cell binding to the EDA domain within Fn fibers already 19 

assembled.  20 

 21 

Next, we quantified EDA Fn fiber width (Fig. 3H,J,K). EDA Fn fibers assembled by fibroblasts 22 

treated with DMSO (control) migrating into wounds on stiffer PDMS substrates mimicking fibrotic 23 

wounds (146 kPa: 4h, 2.275±0.08967; 24h, 2.178±0.09070) were again thinner than that of EDA 24 

Fn fibers assembled by fibroblasts treated with DMSO (control) migrating into wounds on softer 25 

PDMS substrates mimicking normal wounds (18 kPA: 4h, 2.363±0.1328; 24h, 2.180±0.08943). 26 
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Fibroblasts treated with Irigenin on stiffer substrates mimicking fibrotic wounds, assembled EDA 1 

Fn matrices with thicker fibers than that of EDA Fn matrices assembled by fibroblasts treated with 2 

Irigenin on softer substrates mimicking normal wounds (18 kPa: 4h, 2.301±0.2024; 24h, 3 

2.100±0.06193. 146 kPa: 4h, 2.368±0.1009; 24h, 2.251±0.1788). We also quantified EDA Fn fiber 4 

angles (Fig. 3I,J,K) against the horizontal plane (Fig. 2H). Initially, fibroblasts treated with DMSO 5 

(control) on stiffer substrates mimicking fibrotic wounds assembled an aligned EDA Fn matrix 6 

(Fig. 3E) with fiber angles around 90° then afterwards fiber angles moving towards 180° (146 kPa: 7 

4h, 91.62°±4.465°; 24h, 106.1°±12.54°), suggesting that cells initially assembled EDA Fn to fill in 8 

the wound before switching to bridge the two sides of the fibrotic wound. Fibroblasts treated with 9 

DMSO (control) on softer substrates mimicking normal wounds (18 kPa: 4h, 90.97°±8.195°; 24h, 10 

92.87°±15.22°) remained around 90° suggesting that cells were persistently assembling randomly 11 

organized matrix fibers laterally to fill in the normal wound. Fibroblasts treated with Irigenin on 12 

stiffer substrates mimicking fibrotic wounds assembled a randomly organized EDA Fn matrix (Fig. 13 

3E) with fiber angles persistently around 90°, suggesting that inhibiting cell binding to the EDA 14 

domain of Fn led cells to continue filling in the fibrotic Irigenin-treated wound. Fibroblasts treated 15 

with Irigenin on softer substrates mimicking normal wounds, however, assembled a more aligned 16 

EDA Fn matrix (Fig. 3D) with fiber angles initially around 90° then moving towards 180°, 17 

suggesting that cells initially assembled EDA Fn to fill in the wound before switching to bridge the 18 

two sides of the normal wound. This suggests that within fibrotic wounds, treatment with Irigenin, 19 

likely provides a stress-shielding effect as prevent cells from binding to the EDA domain of Fn 20 

may restore normal EDA Fn fiber tension and organization to mitigate the pro-fibrotic response 21 

during wound closure. However, within normal wounds, treatment with Irigenin may 22 

unintentionally enhance EDA Fn fiber tension and dysregulate matrix organization to drive a pro-23 

fibrotic response.   24 

 25 
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Collectively, these matrix microarchitecture measurements suggest that fibroblasts on stiffer 1 

PDMS substrates, when treated with Irigenin to prevent cell binding to the EDA domain within Fn, 2 

might restore normal wound closure processes by assembling a randomly oriented EDA Fn matrix 3 

network comprising thicker fibers likely under less tension. The EDA domain within Fn may play 4 

a role in mediating the degree to which cells sense matrix tension; reducing it during normal 5 

wound healing but enhancing it during fibrotic wound healing.   6 

  7 

Potential cross-talk between EDA Fn organization and YAP activity  8 

Subsequently, to evaluate the underlying mechanism by which fibroblasts are responding and 9 

maintaining the different organization of EDA Fn within normal and fibrotic wounds, we looked to 10 

YAP as a potential downstream effector of EDA Fn (Fig. 3L). YAP is a mechanotransduction 11 

signaling effector that not only is essential for wound closure53 and associated with tissue 12 

regeneration,45,58,59 but also is directly correlated with tissue fibrosis.92 EDA Fn shares these same 13 

contradictory effects21,43–50 on wound healing.20,21 Given that YAP can be activated by not only 14 

substrate stiffness93 and geometry94,95 but also by ECM proteins including Fn,53,56 YAP became a 15 

leading candidate for investigation with respect to EDA Fn matrix organization in wound healing. 16 

We exogenously delivered CA3 to our wound assays to attenuate YAP activity. Complete 17 

inhibition of YAP was not desired as YAP is essential for wound closure; therefore a non-toxic 18 

(0.5 µM/mL) concentration of CA3 was used.62  19 

 20 

Fibroblasts treated with CA3 on stiffer substrates mimicking fibrotic wounds, though initially did 21 

not appear to fully alter EDA Fn matrix assembly and microarchitecture at 4h, did assemble EDA 22 

Fn matrices that by 24h, were overall less aligned, less branched, less dense, and comprised 23 

thicker fibers primarily oriented laterally to the wound edge than EDA Fn matrices assembled by 24 

fibroblasts treated with CA3 on softer substrates (Fig. 3L). These data suggest that mitigating 25 

YAP signaling in cells on stiffer substrates mimicking fibrotic wounds might require time for cells 26 
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to respond and restore normal matrix assembly and wound closure mechanisms. Given that 1 

fibroblasts treated with Irigenin or CA3 on fibrotic substrates similarly assemble normal EDA Fn 2 

matrix microarchitecture by 24h, there is likely a mechanoregulatory link between EDA Fn 3 

structure-function and YAP activity that drives normal wound healing. Mechanistically, YAP 4 

activation requires cytoplasmic YAP to translocate into the nucleus to alter target gene 5 

expression.63 Therefore, we next measured the nuclear/cytoplasmic ratio of YAP to investigate 6 

YAP activity within fibroblasts migrating on PDMS substrates mimicking normal and fibrotic 7 

wounds. 8 

 9 

 10 
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 1 

 
Figure 4: Stiffness alters 4h Irigenin and CA3 YAP activation and cell area; the 24h YAP 
profile affected by contact inhibition.  A,B. Representative 4h and  24h fluorescently 
labeled YAP images were taken by confocal microscopy and analyzed prior to image 
adjustment for presentation (brightness +40% and contrast -40%). Scale bars 100 µm. C. 4h 
and 24h nuclear/cytoplasmic YAP analysis, selected significances: *P=0.0153, **P=0.0057, 
***P≤0.003, ****P<0.0001. D. 4h and 24h cell area analysis. *P=0.0103 , ***P=0.005, 
****P<0.0001, horizontal line shows comparison of same stiffnesses across time points at 
****P<0.0001. All N≥18, one-way ANOVA, Tukey’s post-hoc analysis. E,F,G. Table of mean ± 
standard deviation for the three test conditions, DMSO (E), Irigenin (F), and CA3 (G), for YAP 
nuclear/cytoplasmic ratio and cell area.  
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YAP differentially activated by substrate stiffness 1 

We evaluated initial YAP activity of fibroblasts just beginning to migrate into wounds (4h) and later 2 

YAP activity of fibroblasts fully migrated into wounds (24h) (Fig. 4). Fibroblasts treated with DMSO 3 

(control) on stiffer substrates mimicking fibrotic wounds, decreased YAP activation (Fig. 4C,E: 4 

146 kPa: 4h, 1.631±0.3558; 24h, 1.54±0.4746), compared to fibroblasts treated with DMSO 5 

(control) on softer substrates mimicking normal wounds (18 kPa: 4h, 1.939±0.4037, 24h, 6 

1.74±0.3906). YAP is required for many functions involved in wound healing, including migration 7 

and proliferation. A recent study suggests that YAP activity is dependent on adhesion maturation 8 

and a balance of forces between cell contractility and matrix rigidity.96 Given that EDA Fn can 9 

likely bear more mechanical load and when assembled within normal wounds with random 10 

orientation and thicker fibers, it seems likely that fibroblasts are able to slowly reinforce and 11 

mature focal adhesions, potentially modifying their mechanosensing to translocate YAP into the 12 

nucleus. Additionally, focal adhesion maturation can be dependent on surface topography or 13 

ligand density,97–101 which in our wound assay system would suggest focal adhesion maturation 14 

could be dependent on fiber width. In our fibrotic wounds, EDA Fn is more aligned and comprises 15 

thinner fibers, which likely limits the size of focal adhesions and potentially limits YAP activity. 16 

Therefore, it is unsurprising that fibroblasts nuclear translocates more YAP in normal wounds.  17 

 18 

Interestingly, when fibroblasts on stiffer substrates were treated with Irigenin to inhibit cell binding 19 

to the EDA domain within Fn, their YAP activity increased (146 kPa: 4h, 1.8±0.3648; 24h, 20 

2.173±0.6912) compared to the YAP activity of fibroblasts treated with DMSO (control) on the 21 

same stiffness (146 kPa). Similar increases to YAP activity were quantified even when fibroblasts 22 

on stiffer substrates were treated with CA3 to mitigate YAP activity (146 kPa: 4h, 1.659±0.2903; 23 

24h, 1.871±0.4727) compared to the YAP activity of fibroblasts treated with DMSO (control) on 24 

the same stiffness (146 kPa). It is likely that changes to EDA Fn microarchitecture, when 25 

assembled within fibrotic wounds and treated with Irigenin or CA3, now more randomly organized 26 
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comprising thicker fibers, allow focal adhesion maturation and therefore increases YAP activity. 1 

When inhibiting cell binding to the EDA domain within Fn or when mitigating YAP activity by 2 

fibroblasts on soft substrates mimicking normal wounds, there was similarly reduced nuclear YAP 3 

translocation (Irigenin: 4h, 1.54±0.3095; 24h, 1.677±0.4240; CA3: 4h, 1.718±0.4097; 24h, 4 

1.705±0.0.4033) compared to nuclear YAP translocation by fibroblasts treated with DMSO 5 

(control) on the same stiffness (18 kPa). Suggesting that cell binding to the EDA domain within 6 

Fn regulates YAP activation in normal wounds and that a certain level of YAP activity is necessary 7 

for normal EDA Fn assembly and organization. Taken together, these results indicate a potential 8 

mechanism to mitigate stiffness-mediated pro-fibrotic responses.  9 

 10 

Interestingly and contrary to our results, increased fibrotic  tissue stiffness has typically been 11 

shown to drive pathological YAP activation.6 However, depending on various factors including cell 12 

shape, topography,95 and substrate viscoelasticity,102 force is not always directly correlated to 13 

increased YAP activation.103 Viscoelasticity alters the mechanical regulation of cells.68 Closer 14 

examination of viscoelastic contributions to YAP signaling reveals a complex YAP activation 15 

profile deeply impacted by local microenvironmental forces. Viscoelastic substrates encourage 16 

YAP translocation into the nucleus compared to elastic substrates.70 Further, fast-relaxing 17 

viscoelastic material encourages more YAP translocation into the nucleus than slow-relaxing 18 

viscoelastic substrates.70,104 Similarly supported by our YAP results when fibroblasts are treated 19 

with DMSO as a control, others show that treatment with DMSO leads to YAP activating in an 20 

inverse stiffness-dependent manner on a substrate stiffness ranging from 5 kPa to 75 kPa.105 21 

Conversely, from 1 kPa to 40 kPa, it has been previously demonstrated that increased nuclear 22 

localization of YAP is directly correlated with increasing stiffness.56 In our wound assays, when 23 

fibroblasts were treated with Irigenin or CA3, nuclear localization of YAP is directly correlated with 24 

substrate stiffness. The discrepancy within literature and our results suggest that YAP activation 25 

is likely further regulated by matrix structure. In normal wounds when EDA Fn more randomly 26 
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oriented with thicker fibers and likely under less tension allowing for focal adhesion maturation, 1 

YAP activity is high. But in fibrotic wounds when EDA Fn is highly aligned with thinner fibers and 2 

likely under more tension focal adhesion maturation processes may be disrupted, YAP activity is 3 

lower. The complex, nuanced responses of YAP to various mechanical cues demonstrates the 4 

need to better understand and contextualize matrix mediated YAP signaling. 5 

 6 

In addition to migration, YAP independently regulates cell size 106–108 as cell area is directly 7 

associated with cell attachment.109 Therefore, we next quantified fibroblast cell area to further 8 

contextualize our nuclear YAP localization results (Fig. 4D). Initially, fibroblasts treated with 9 

DMSO (control) on stiffer substrates mimicking fibrotic wounds were more spread (4h, 10 

3294µm2±1506) than fibroblasts treated with DMSO (control) on softer substrates mimicking 11 

normal wounds (4h, 2267µm2±934.4). However, by 24h when the wound was mostly closed, 12 

fibroblasts treated with DMSO (control) on stiffer substrates mimicking fibrotic wounds were less 13 

spread (24h, 1079µm2±364.4) than fibroblasts treated with DMSO (control) on softer substrates 14 

mimicking normal wounds (4h, 1317µm2±554.5). This suggests that fibroblasts on stiffer 15 

substrates mimicking fibrotic wounds are quicker to alter their behavior from being more spread 16 

and proliferative (filling in wound with granulation tissue) and switching110 to enhancing matrix 17 

deposition (fibrosis) than fibroblasts on softer substrates mimicking normal wounds. Additionally, 18 

both Irigenin and CA3 treated fibroblasts on stiffer substrates mimicking fibrotic wounds were 19 

initially less spread (Irigenin: 4h, 2629µm2±1120; CA3: 4h, 2311µm2±1127) than fibroblasts 20 

treated with DMSO (control) on the same stiffness (146 kPa, 4h). However, afterwards, both 21 

Irigenin and CA3 treated fibroblasts on stiffer substrates mimicking fibrotic wounds were more 22 

spread (Irigenin: 24h, 1352µm2±815.3; CA3: 24h, 1282µm2±634) than fibroblasts treated with 23 

DMSO (control) on the same stiffness (146 kPa, 24h). Taken together with the increase in YAP 24 

activity, it is likely that these Irigenin and CA3 treated fibroblasts are likely proliferating to fill in a 25 
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 1 

wound with granulation tissue. This suggests that changes to EDA Fn microarchitecture now more 2 

randomly organized comprising thicker fibers under less tension, potentially decreases the rigidity 3 

sensed by fibroblasts even on stiffer substrates mimicking fibrotic wounds leading to smaller 4 

cells;111 further highlighting Irigenin and CA3 as potential tools for mitigating the initial pro-fibrotic 5 

cascade.  6 

 7 

Conclusion 8 

Here, we developed a 2D wound closure assay to investigate the effects of substrate stiffness 9 

mimicking normal or fibrotic wounds on fibroblast assembled EDA Fn microarchitecture and YAP 10 

signaling during wound healing. On soft substrates mimicking normal wounds, EDA Fn was 11 

randomly organized comprising thicker fibers which led to increased YAP activity. On stiffer 12 

substrates mimicking fibrotic wounds, EDA Fn was highly aligned comprising thinner fibers which 13 

likely disrupted YAP activation. Our wound closure assays also demonstrated that preventing cell 14 

 
Figure 5: Schematic illustrating changes in cell and matrix responses during normal 
and fibrotic wound closure. Left column: soft substrates mimicking normal wounds (18 kPa). 
Right column: stiff substrates mimicking fibrotic wounds (146 kPa). Representative schematic 
of EDA Fn fiber width, alignment, and YAP localization for control (1st row), Irigenin-treated 
wound closure (2nd row), and CA3-treated wound closure (3rd row). 
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binding to the EDA domain within Fn fibers or attenuating YAP activity both similarly led to less 1 

aligned EDA Fn comprising thicker fibers and increased YAP activity (Fig. 5). These results 2 

demonstrate the potential in controlling initial EDA Fn matrix organization and regulating YAP 3 

activity to ensure normal wound repair processes. Our wound closure assay will enable future 4 

studies to investigate how EDA Fn fiber structure might alter cell adhesion and migration, and 5 

furthermore, inform therapeutic strategies to control wound repair mechanisms.     6 
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