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Fibronectin fibril alignment is established upon 
initiation of extracellular matrix assembly

ABSTRACT The physical structure of the extracellular matrix (ECM) is tissue-specific and 
fundamental to normal tissue function. Proper alignment of ECM fibers is essential for the 
functioning of a variety of tissues. While matrix assembly in general has been intensively 
investigated, little is known about the mechanisms required for formation of aligned ECM 
fibrils. We investigated the initiation of fibronectin (FN) matrix assembly using fibroblasts that 
assemble parallel ECM fibrils and found that matrix assembly sites, where FN fibrillogenesis 
is initiated, were oriented in parallel at the cell poles. We show that these polarized matrix 
assembly sites progress into fibrillar adhesions and ultimately into aligned FN fibrils. Cells 
that assemble an unaligned meshwork matrix form matrix assembly sites around the cell pe-
riphery, but the distribution of matrix assembly sites in these cells could be modulated 
through micropatterning or mechanical stretch. While an elongated cell shape corresponds 
with a polarized matrix assembly site distribution, these two features are not absolutely 
linked, since we discovered that transforming growth factor beta (TGF-β1) enhances matrix 
assembly site polarity and assembly of aligned fibrils independent of cell elongation. We 
conclude that the ultimate orientation of FN fibrils is determined by the alignment and distri-
bution of matrix assembly sites that form during the initial stages of cell–FN interactions.

INTRODUCTION
The three-dimensional organization of extracellular matrix (ECM) is 
complex; appropriate assembly of features ranging from nanome-
ter to micrometer scale is needed to provide spatial and mechani-
cal cues that regulate cell behavior such as migration, differentia-
tion, and proliferation (Frantz et al., 2010). Each tissue has a unique 
ECM composition and architecture that are essential for its particu-
lar function (Kjaer, 2004; Frantz et al., 2010; Burgstaller et al., 2017; 

Eyckmans and Chen, 2017; McKee et al., 2019). ECM in the tissue 
stroma, such as in the breast, salivary gland, skin, and prostate, is 
usually composed of a meshwork of ECM fibrils without a predom-
inant global fibril orientation (Bosman and Stamenkovic, 2003; 
Paszek and Weaver, 2004). However, certain tissues exhibit aligned 
ECM organization, with fibrils oriented in linear arrays, parallel to 
one another. Proper alignment of ECM fibers is essential for the 
function of tissues such as the corneal stroma, bones, tendons, 
skeletal muscle, and vasculature (Canty et al., 2006; Lanfer et al., 
2008; Hassell and Birk, 2010; Li et al., 2014; Meek and Knupp, 
2015). The critical importance of aligned matrices in these tissues 
is made clear by the impairment of normal function when this dis-
tinct organization is lost. For example, after tendon injury, healing 
is usually insufficient to restore collagen fiber alignment and native 
tissue architecture (Galloway et al., 2013). In contrast, formation of 
aligned ECM in environments where there is normally unoriented 
matrix is often detrimental to health. Specifically, the presence of 
aligned ECM fibrils around solid tumors is correlated with poor 
patient prognosis and is thought to facilitate outmigration of tu-
mor cells and promote local invasion into surrounding tissue 
(Provenzano et al., 2006, 2008; Conklin et al., 2011; Hanley et al., 
2016; Erdogan et al., 2017). While matrix assembly in general has 
been intensively investigated and basic principles have been 
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elucidated, the mechanisms required for de novo assembly of 
aligned ECM fibers are not well understood.

Although the composition and structure of the ECM is unique 
from tissue to tissue, most matrices contain the ubiquitous ECM 
protein fibronectin (FN; Frantz et al., 2010; Singh et al., 2010). FN 
is considered to be a “foundational matrix” because other ECM 
components depend upon the presence of FN for their incorpo-
ration into the ECM. For example, the assembly of FN into a 
stable matrix is necessary for fibrillogenesis of several types of 
collagen (Sottile and Hocking, 2002; Velling et al., 2002; Sottile 
et al., 2007; Miller et al., 2014) and of fibrillin-1 (Kinsey et al., 
2008; Sabatier et al., 2009). Thus, ECM alignment may initially be 
organized through the formation of aligned FN fibrils that then 
act as a template for assembly of other ECM proteins in similar 
orientations.

FN matrix assembly is initiated by binding of FN to α5β1 integ-
rin, a transmembrane receptor that links it to the cytoskeleton 
(Campbell and Humphries, 2011). Integrins cluster together to form 
adhesion complexes, which promote further interactions between 
bound FN dimers and lead to fibril formation. While a large body of 
work has delineated the stepwise process of FN matrix assembly 
(Singh et al., 2010; Schwarzbauer and DeSimone, 2011), how cells 
assemble fibrils in a particular organization and orientation is less 
well understood. Previous studies have demonstrated that cells can 
form aligned ECM fibrils in vitro when oriented using patterned or 
grooved surfaces (Wang et al., 2003; Sarkar et al., 2005; Kim et al., 
2013; Singh et al., 2014). Cells can remodel and reorganize estab-
lished ECM fibrils by exerting contractile forces, as has been shown 
for a wide variety of cell types, such as osteoblast, epithelial, endo-
thelial, and stromal cells, and contexts, such as cancer, collective 
migration, and tissue morphogenesis (Provenzano et al., 2006; 
Sivakumar et al., 2006; Cook et al., 2017; Piotrowski-Daspit et al., 
2017; Davidson et al., 2019; Malandrino et al., 2019). Assessments 
of matrix configuration in these studies, however, were performed 
on established ECMs after fibril assembly had been completed. 
Whether alignment is determined at a specific step in the assembly 
process or by postassembly remodeling of unaligned fibrils has not 
been discovered.

In this study, we investigated the steps of FN assembly in a cell 
culture model to elucidate the process of aligned ECM formation. 
Microscopy and quantitative image analysis reveal initiation of 
aligned assembly at FN matrix assembly sites and show a previ-
ously unknown association between matrix assembly sites and an-
other FN assembly structure, the fibrillar adhesion. We detected 
an association between the distribution of FN matrix assembly 
sites and cell elongation but found that distribution could be ma-
nipulated independent of elongation by chemical or mechanical 
cues. Our results lead to the conclusion that the ultimate orienta-
tion of FN fibrils is determined by the alignment and distribution 
of matrix assembly sites that form during the initial stages of cell–
FN interactions.

RESULTS
Assessment of aligned fibronectin matrix assembly using a 
cell culture system
To investigate how ECM alignment is established, we used WI-38 
human lung fibroblasts that assemble FN fibrils into highly aligned 
parallel arrays in culture (Figure 1A). Quantification of FN fibril align-
ment within a dense WI-38 cell matrix by fast Fourier transform (FFT) 
analysis shows a pixel intensity peak at 90°, indicating that fibrils 
within the matrix are organized in a single principal orientation 
(Figure 1B). Many of the subsequent experiments were performed 

with cells grown on a FN-coated substrate. We found that fibril or-
ganization and FFT results did not change when cells were grown on 
a FN coat (unpublished data). To confirm that the fibril alignment 
was inherent within the stable FN matrix, and not dependent on 
the presence of cells, we performed immunofluorescence and 
FFT analyses after cell removal by a decellularization procedure. 
Immunofluorescence images showed that FN fibrils remain aligned 
after decellularization (Figure 1A), and this was further confirmed by 
FFT analysis, which showed that the cell-free matrix retained its 
aligned orientation (Figure 1B). In fact, full-width at half maximum 
(FWHM) calculation indicates that the cell-free matrix is more 
aligned than the matrix with cells, since it has a lower FWHM value 
(Figure 1C). Together, these data establish that WI-38 fibroblasts 
assemble a highly aligned FN matrix.

Differences in initiation of fibronectin assembly for aligned 
and unaligned matrices
The early stages of FN matrix assembly were analyzed to determine 
when alignment of FN-based structures was first detected. Matrix 
assembly sites are a subset of integrin-mediated adhesions where a 
substrate-adsorbed FN dimer bound to α5β1 integrin undergoes 
conformational changes, exposing binding sites that interact with 
additional FN via its assembly domain (McKeown-Longo and 
Mosher, 1985; Singh et al., 2010). These sites are the earliest observ-
able structures of FN assembly and can be detected within 30 min 
after fibroblasts are plated onto a FN-coated surface (Christopher 
et al., 1997). Initiation of FN fibrillogenesis was visualized with a 
matrix assembly site assay, where a biotinylated fragment of FN 
(70 kD) containing the assembly domain was added to culture 
medium and, after binding to conformationally changed FN on the 
substrate, was detected with fluorescent streptavidin (Figure 2A). 
Initially, WI-38 fibroblasts have matrix assembly sites all around the 
cell circumference (Figure 2B, 1 h). Matrix assembly sites redistribute 
into localized patches concomitant with cell shape changes and, by 
4 h, bound 70 kD was often oriented in parallel arrays at the ends of 
elongated WI-38 cells (Figure 2B, 4 h, arrows). Polarized localization 
of matrix assembly sites was observed on individual WI-38 cells and 
did not require cell–cell contact. For comparison, we analyzed NIH 
3T3 fibroblasts, which produce and assemble FN at levels similar to 
those for WI-38 cells (unpublished data), but assemble an unaligned 
fibrillar matrix with significant branching and a meshwork organiza-
tion (Supplemental Figure S1). Matrix assembly sites were localized 
at cell projections around the cell periphery at both 1 and 4 h (Figure 
2B, arrows).

To quantitatively characterize matrix assembly site orientations 
within individual cells, we utilized the ImageJ software package 
OrientationJ (Rezakhaniha et al., 2012; Puspoki et al., 2016). Orien-
tationJ creates a visual representation of the orientation of struc-
tures within an image as well as a histogram of the distribution of 
orientations (Figure 2B; Supplemental Figure S2). Quantitative anal-
ysis of matrix assembly site orientations revealed that WI-38 matrix 
assembly sites were parallel to one another and had a preferred 
orientation with the long axis of the cell, indicated by the peak at 0° 
(Figure 2C). In contrast, matrix assembly sites made by NIH 3T3 cells 
had no particular orientation (Figure 2C). Interestingly, the matrix 
assembly site orientation of each cell type matches the orientation 
of its established FN matrix, aligned WI-38 fibrils versus unaligned 
NIH 3T3 fibrils.

To compare the distributions of matrix assembly sites between 
WI-38 and NIH 3T3 cells, we oriented each cell with its long axis 
horizontal, divided each cell into thirds, and scored each third for 
the presence of matrix assembly sites (Supplemental Figure S3). 
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This analysis segregated cells into two populations: “nonpolarized,” 
where matrix assembly sites were present in all three cell sections, 
and “polarized,” where matrix assembly sites were absent in the 
middle section of the cell (Supplemental Figure S3). At 4 h after 
plating, 35% of WI-38 cells had polarized matrix assembly site local-
ization with no sites in the middle section, while only 3% of NIH 3T3 
cells showed polarized distributions (Figure 2D). These results show 
a difference in the distributions of matrix assembly sites between 
cells that assemble a meshwork of FN fibrils and those that assem-
ble aligned fibrils.

Progression of matrix assembly sites into fibrillar adhesions
Fibrillar adhesions are protein complexes that organize FN into 
fibrils by translocation of α5β1 integrins, bound to FN, along actin 
filaments toward the center of the cell (Pankov et al., 2000; Zamir 
et al., 2000). Both matrix assembly sites and fibrillar adhesions are 
used for an evaluation of FN fibril formation, but at different times 
after cell adhesion, with matrix assembly sites usually identified be-
tween 15 min and 4 h after plating, while fibrillar adhesions develop 
between 4 and 24 h on FN. We hypothesized that matrix assembly 
sites mature over time into fibrillar adhesions and developed a 

FIGURE 1: WI-38 fibroblasts assemble an aligned fibronectin (FN) matrix. (A) WI-38 cells were grown to confluence, as 
shown in the phase images (brightfield, BF), on glass coverslips. Samples were stained with R457 anti-FN antiserum 
after 3 d in culture (with cells) or monolayers were decellularized after 7 d prior fixing and staining (cell-free). Scale bar = 
50 µm. (B) FN fibril orientations were quantified by FFT analysis (with cells in orange and cell-free in gray). (C) Average 
full-width at half maximum (FWHM) values for each pixel intensity curve of with cells (orange) and cell-free (gray) FN 
matrices were calculated. Error bars show the average of five curves ± standard error. * p < 0.05.
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live-imaging matrix assembly site assay with total internal reflection 
fluorescence (TIRF) microscopy to follow these structures. We 
utilized preosteoblasts stably expressing RFP-tensin, a protein 
specifically localized to fibrillar adhesions; these cells assemble a 
meshwork FN matrix similar in structure to NIH 3T3 fibroblasts (Sup-
plemental Figure S4A). Live imaging revealed that tensin colocal-

ized with sites of matrix assembly at the cell periphery, and over 
time extended inward toward the cell center in fibrillar adhesions 
detected between 5 and 8 h (Supplemental Figure S4B). Tensin-
positive fibrillar adhesions were also colocalized with matrix assem-
bly sites in WI-38 cells (Figure 3A). The coincidence of the matrix 
assembly site and fibrillar adhesion peaks at 0° shows that the two 

FIGURE 2: WI-38 fibroblasts develop a polarized distribution of matrix assembly sites. (A) Schematic of matrix assembly 
site assay. The 70 kD fragment containing the N-terminal assembly domain (orange) of FN was tagged with biotin and 
added to cell culture medium. 70 kD–biotin bound at matrix assembly sites was detected with streptavidin-488. 
(B) WI-38 (upper panels) or NIH 3T3 fibroblasts (lower panels) were allowed to spread on a FN-coated surface for the 
indicated times. 70 kD–biotin was added to the medium and 1 h later cells were fixed and probed with streptavidin-488. 
Examples of matrix assembly sites are indicated by yellow arrows. Individual matrix assembly site orientations are 
encoded in color in the right panel; matrix assembly sites with similar orientations are colored in the same hue (aqua for 
the WI-38 cell matrix assembly sites). Scale bar = 20 µm. (C) Matrix assembly site orientations were quantified for NIH 
3T3 (blue) and WI-38 (orange) fibroblasts after 4 h on FN, where individual matrix assembly site orientations were 
calculated for individual cells using OrientationJ, averaged across cells (WI-38 n = 27, NIH 3T3 n = 36), and plotted from 
–90° to 90°. The orientation 0° is set to the horizontal axis of the image plane. Error bars show ± SEM of three (WI-38) or 
four (NIH 3T3) independent experiments. (D) The average percentage of total cells with a polarized matrix assembly site 
distribution at 4 h was calculated for WI-38 (orange, n = 233) and NIH 3T3 (blue, n = 285) fibroblasts. Error bars show ± 
SEM of three independent experiments. * p < 0.05, unpaired t test.
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structures shared a single predominant orientation angle parallel to 
the long axis of the cell across the entire cell body (Figure 3B). NIH 
3T3 fibroblasts were analyzed over a broader time frame and in all 
cases showed progression of matrix assembly sites into tensin- 
positive fibrillar adhesions (Figure 3A; Supplemental Figure S5), but 
with no predominant orientation (Figure 3B). Taken together, the 
extension of matrix assembly sites into tensin-positive fibrillar adhe-
sions across all three cell lines indicates that the association of these 
structures is a general phenomenon in ECM-assembling cells.

To determine the connection between the orientation of matrix 
assembly sites and fibrillar adhesions and the formation of aligned 
matrix fibrils, we examined FN fibril assembly by WI-38 cells over 
several days. As observed at earlier times, at 12 h after plating, matrix 
assembly sites and fibrillar adhesions were associated at cell ends 
and in similar orientations across the cell (Figure 4Aa). Aligned FN 

fibrils were extended between neighboring fibroblasts (Figure 4Ab). 
FWHM values calculated from FFT analyses confirm that bound 70 
kD, tensin, and FN were all organized in the same predominant ori-
entation (Figure 4B, 12 h). Coalignment of tensin and FN fibrils across 
groups of WI-38 cells was also observed at 24 h and 48 h (Figure 4A, 
c and d). FWHM values were not significantly different within and 
across timepoints (Figure 4B), indicating that the alignment of these 
molecular structures is maintained over time. The coorientation of 
matrix assembly sites, fibrillar adhesions, and FN fibrils at 12 h and 
the maintenance of the alignment of tensin and FN throughout ma-
trix assembly shows that the polarized distribution of parallel matrix 
assembly sites observed early in FN fibrillogenesis results in the for-
mation of aligned FN fibrils. Overall, we conclude that matrix assem-
bly site alignment determines the subsequent alignment of fibrillar 
adhesions, and thus ultimately of FN fibrils.

FIGURE 3: Progression of matrix assembly sites into fibrillar adhesions. (A) WI-38 fibroblasts and NIH 3T3 fibroblasts 
expressing fluorescently tagged tensin were plated on a FN-coated surface and 70 kD–biotin was added after 5 h. Cells 
were fixed 1 h later. WI-38 fibroblasts were immunostained for tensin (red, white arrow in inset) and both fibroblast cell 
lines were probed with streptavidin-488 (MAS, green, white arrowhead). Scale bar = 20 µm. WI-38 cells were imaged 
using TIRF microscopy while NIH 3T3 cells were imaged using epifluorescence. (B) The orientations of matrix assembly 
sites (MAS, green) and fibrillar adhesions (Tensin, red) from A were quantified by OrientationJ. Distributions were 
calculated for individual WI-38 (n = 28) or NIH 3T3 (n = 13) fibroblasts and then averaged. Error bars show ± SEM of 
three independent experiments.
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FIGURE 4: Coorientation of matrix assembly sites, fibrillar adhesions, and FN fibrils is 
maintained over time. (A) WI-38 fibroblasts were plated on a FN-coated surface with exogenous 
FN added to the medium in order to allow better visualization of FN fibers at earlier timepoints. 
70 kD–biotin was added and a matrix assembly site assay was performed 1 h before fixation for 
(a). Cells were fixed at the indicated time points, permeabilized, immunostained for tensin (red), 
costained with DAPI (blue), and probed with either streptavidin-488 (green, a) or hFN7.1 anti-FN 
antibody (green, b, c, and d). Boxed insets are shown enlarged at the right. (B) Average FWHM 
values were calculated for five random fields of view at each time point. Error bars show the 
average of five curves ± standard error. A one-way ANOVA determined that the differences in 
FWHM values within and across timepoints were not significant (p = 0.14).

Relationship between matrix assembly site distributions and 
cell aspect ratios
As matrix assembly sites are being assembled, WI-38 cells take on a 
more elongated shape than NIH 3T3 cells. WI-38 fibroblasts have an 
average aspect ratio of 2.88 after 4 h on a surface coated with 10 

μg/ml FN (Figure 5, A and B). By 24 h, these 
cells were further elongated (average as-
pect ratio = 4.38), with 73% of cells having 
an aspect ratio >3. To visualize the relation-
ship between shape and matrix assembly 
site distributions, a histogram was gener-
ated that shows the proportions of polar-
ized and nonpolarized matrix assembly sites 
binned by cell aspect ratio (Figure 5C). The 
majority of NIH 3T3 cells (>90%) had an as-
pect ratio less than 2 and a nonpolarized 
distribution of matrix assembly sites. WI-38 
cells, however, had a wider range of aspect 
ratios and, interestingly, the proportion of 
cells with polarized matrix assembly sites 
increased significantly with aspect ratio 
(Figure 5C).

A functional connection between polar-
ized matrix assembly sites and higher cell 
aspect ratios suggests that increasing the 
aspect ratios of NIH 3T3 cells should redis-
tribute the matrix assembly sites. Microme-
ter-scale patterned substrates have been 
used to control cell shapes (Thery et al., 
2006; Thery, 2010; Donnelly et al., 2013) 
and to direct cell and ECM orientations 
(Singh et al., 2014). We designed a sub-
strate of FN micropatterns to direct NIH 3T3 
cell adhesion and spreading within 30-μm 
stripes of FN alternating with non–cell ad-
hesive bovine serum albumin (BSA) protein. 
NIH 3T3 cells attached preferentially to the 
FN-coated stripes and became significantly 
more elongated (average aspect ratio = 2.9) 
than the rounder cells on the unpatterned 
FN-coated control surface (average aspect 
ratio = 1.6; Figure 6, A and B). On the 
stripes, cells developed a polarized distri-
bution of matrix assembly sites, in contrast 
to NIH 3T3 cells on control surfaces, where 
the majority had matrix assembly sites dis-
tributed around the periphery (Figure 6A). 
At aspect ratios ≤3, the localization of most 
of the matrix assembly sites was not polar-
ized, but the distribution became predomi-
nantly polarized when the aspect ratio was 
>3 (Figure 6C). These results demonstrate 
that environmental cues can increase the 
proportion of polarized matrix assembly 
sites.

To test the correlation between matrix 
assembly site distribution and aspect ratio, 
we performed a binary logistic regression 
analysis to model the probability that cells 
with a certain aspect ratio will have polar-
ized matrix assembly sites. The regression 
analysis determined that a cell with an as-

pect ratio of 3.1 was as likely to have a nonpolarized distribution as 
a polarized distribution. Cells with an aspect ratio <3.1 were as-
signed a nonpolarized distribution and those >3.1 were assigned a 
polarized distribution. These assignments had an overall accuracy 
of 80%, with 151 matrix assembly site distributions correctly 
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assigned out of 189 total cells (Supplemental Figure S6), support-
ing a correlation between matrix assembly site distribution and cell 
elongation. The analysis was effective at linking nonpolarized ma-
trix assembly sites with aspect ratios <3.1 (90% accuracy). How-
ever, 40% of cells with polarized matrix assembly sites actually had 
an aspect ratio <3.1, giving 60% accuracy. This indicates that ma-
trix assembly site polarization may arise before cell elongation and 
that matrix assembly site polarity is not determined solely by cell 
elongation.

Conclusions from the logistic regression analysis are supported 
by results from examining the initiation of FN fibril formation during 
mechanical stretch. Cells are mechanosensitive and will reorient and 
undergo cytoskeletal remodeling in response to stretch (Hayakawa 
et al., 2001; Wang et al., 2004; Livne et al., 2014). Matrix assembly 
site assays were performed with cells on stretchable substrates. NIH 
3T3 cells on FN-coated PDMS membranes were either stretched in 

1-mm steps every 15 min for an hour and held for an additional 2.5 h 
or cultured without stretching for the entire 4-h period (Figure 7A). 
Cells were slightly elongated in the uniaxial stretch direction (aver-
age aspect ratio = 1.9) compared with unstretched controls (average 
aspect ratio = 1.3; Figure 7, B and C). Matrix assembly sites for cells 
in the rest condition were located all around the cell periphery in 
nonpolarized distributions (Figure 7, B and D). In contrast, cells that 
had been stretched had an increased incidence of polarized matrix 
assembly sites, with FN fibrillogenesis occurring predominantly at 
the cell ends (Figure 7, B and D). Interestingly, in contrast to NIH 3T3 
cells on micropatterns, stretched cells had a lower average aspect 
ratio (1.9 versus 2.9), yet showed a higher incidence of polarized 
matrix assembly sites when the aspect ratio was <3. Specifically, 
90% of stretched NIH 3T3 cells with polarized matrix assembly sites 
had an aspect ratio <3 (compare Figures 6C and 7D), compared with 
only 30% for NIH 3T3 cells on FN patterns and 32% for WI-38 cells 

FIGURE 5: Elongation of WI-38 cells on FN. (A) WI-38 cell shape on a FN-coated surface was monitored over time using 
phase microscopy. Representative phase images of a single field of view are shown for each time point (1, 4, and 24 h). 
Scale bar = 50 µm. (B) Cell aspect ratios were determined at the indicated time points, n > 140 cells per time point 
across three independent experiments. A one-way analysis of variance with a post hoc Tukey test showed that cell 
aspect ratios differed significantly between all three time points (** p < 0.0001). (C) Cells were binned by aspect ratio 
and the proportion of total cells with nonpolarized (solid) or polarized (cross-hatched) matrix assembly sites were 
plotted for WI-38 (orange, n = 233) and NIH 3T3 (blue, n = 285) fibroblasts at 4 h. A one-way analysis of variance across 
three independent experiments determined that the percentage of WI-38 fibroblasts with polarized matrix assembly 
sites varied significantly with cell aspect ratio. Post hoc Tukey tests showed significant differences between 1 to 2 vs. 3 
to 7 (p = 0.003) and 2 to 3 vs. 3 to 7 (p = 0.02) aspect ratio groups.
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on a FN coat. This observation supports the idea that polarized ma-
trix assembly site distribution may be independent of cell elonga-
tion and that it is enhanced by mechanical cues.

Control of matrix assembly site distributions by TGF-β1
Cell–FN interactions and FN matrix assembly depend on cell con-
tractility mechanisms mediated by actomyosin (Zhang et al., 1994; 

Zhong et al., 1998). TGF-β1 treatment is known to increase fibro-
blast contractility and a spindle-shaped morphology (Tomasek et al., 
2002; Desai et al., 2014). Analysis of FN matrix and actin stress fiber 
organization revealed that treatment of NIH 3T3 fibroblasts with 
TGF-β1 induced an elongated morphology at confluence and 
assembly of locally aligned FN fibrils as compared with vehicle-
treated fibroblasts, which assembled a meshwork matrix (Figure 8A). 

FIGURE 6: Matrix assembly site distributions of NIH 3T3 cells on FN-striped micropatterns. (A) Cells were seeded onto 
a surface with 30 µm–wide FN stripes and intervening 30 µm–wide BSA stripes (pattern) or onto an unpatterned 
FN-coated surface (control). Matrix assembly site (MAS) distributions were assayed after 4 h. Brightfield (BF), DAPI 
(blue, nuclei), and MAS signals are merged in the right-hand images. Scale bar = 50 µm. (B) Aspect ratios for cells on 
micropatterns (green) and FN-coated glass (yellow) are plotted as in Figure 5B. * p < 0.05, unpaired t test. (C) The 
proportion of cells with polarized and nonpolarized matrix assembly sites binned by cell aspect ratio is graphed, as in 
Figure 5C, for cells on FN micropatterns (green) or FN-coated control surfaces (yellow). A one-way analysis of variance 
with a post hoc Tukey test showed that the percentage of cells on FN micropatterns with polarized distributions 
differed significantly for 1 to 2 vs. 3 to 7 aspect ratio groups (p = 0.02). n > 95 cells across two2 independent 
experiments.
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OrientationJ analysis provides a visual representation of alignment 
by encoding fibrils with parallel orientations in similar colors (Figure 
8A, right panels). Because TGF-β1 is known to stimulate contractil-
ity, we confirmed that TGF-β1 treatment increased NIH 3T3 
contractility using a 3D FN–fibrin clot contraction assay, where clot 
contraction is mediated by cell binding to FN cross-linked to fibrin. 
TGF-β1-treated NIH 3T3 cells showed higher matrix contraction 
than control cells (30.5% versus 20.3%; Supplemental Figure S7A). 
Comparison of NIH 3T3 and WI-38 fibroblasts showed that contrac-
tion by WI-38 cells was more than double that of untreated NIH 3T3 
cells (35.0% versus 16.4%; Supplemental Figure S7B). Thus, both 
WI-38 fibroblasts and TGF-β1-treated NIH 3T3 cells exert contrac-
tile forces that are greater than the contractility of untreated NIH 
3T3 fibroblasts.

To examine the effect of TGF-β1 on the initiation of FN assembly, 
we performed a matrix assembly site assay. Similarly to our previous 
observations, we detected matrix assembly sites all around the cell 

periphery in untreated cells (Figure 8Ba) and found matrix assembly 
site distributions to be polarized in cells with aspect ratios >3 (Figure 
8Bb). Interestingly, TGF-β1 treatment significantly increased polar-
ized matrix assembly sites (Figure 8Bc). More than 90% of TGF-β1-
treated cells had aspect ratios <3, yet the proportion of cells with a 
polarized matrix assembly site distribution increased from 7% in the 
control to 21% with TGF-β1 (Figure 8C). This result supports the 
idea that the polar localization of matrix assembly sites is indepen-
dent of cell elongation. In addition to mechanical cues, our results 
with TGF-β show that chemical signals in the microenvironment can 
control the organization of matrix assembly sites and induce the 
alignment of FN fibrils in cells that normally assemble a meshwork 
ECM.

DISCUSSION
The aligned organization of ECM fibrils is critical for the proper func-
tions of certain tissues but also contributes to disease progression. 

FIGURE 7: The effects of uniaxial static stretch on the distribution of NIH 3T3 cell matrix assembly sites. (A) The 
diagram shows the experimental design. NIH 3T3 fibroblasts were seeded onto a FN-coated PDMS membrane. After 30 
min, cells were subjected to two periods of uniaxial static stretch or were allowed to rest for the indicated times. 70 
kD–biotin was added to the medium and after 1 h, cells were fixed and stained. (B) Cells were costained with 
fluorescent streptavidin and phalloidin to visualize cells on an opaque substrate. Scale bar = 50 µm. (C) Cell aspect ratios 
were determined for cells under stretch (green) compared with unstretched control cells (yellow; as in Figure 5B). 
*p < 0.05, unpaired t test. n > 240 cells per condition across two separate experiments. (D) The proportions of cells with 
nonpolarized or polarized matrix assembly sites, binned by cell aspect ratio (as in Figure 5C), are shown with stretch 
(green) or resting (yellow). A one-way analysis of variance with a post hoc Tukey test showed that the percentage of 
stretched cells with polarized distributions differed significantly for the 1 to 2 vs. 2 to 3 (p = 0.04) and 2 to 3 vs. 3 to 7 
(p = 0.04) aspect ratio groups. n > 90 cells across two independent experiments.
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FIGURE 8: TGF-β1 induces a polarized matrix assembly site distribution and assembly of aligned FN fibrils. (A) NIH 3T3 
cells were grown in complete medium containing either 10 ng/ml TGF-β1 or vehicle and fixed upon reaching confluence. 
Cells were immunostained with anti-FN antiserum (green), phalloidin to visualize actin (gray scale), and DAPI to detect 
nuclei (blue). FN fibril orientations are encoded in color in the rightmost panel; fibrils with similar orientations are 
colored in the same hue. (B) Matrix assembly sites were detected on NIH 3T3 cells plated on FN-coated surfaces and 
treated with TGF-β1 or vehicle for 6 h. Cells treated with TGF-β1 or vehicle were stained for matrix assembly sites and 
costained with Texas red phalloidin (red) and DAPI (blue). Representative images of cells are shown. The aspect ratio of 
each cell is indicated on the left images and matrix assembly site distributions are shown for the same cells (right). 
(C) The average percentage of total cells with a polarized matrix assembly site distribution is shown for vehicle-treated 
(blue, n = 207) and TGF-β1-treated (red, n = 206) cells. Matrix assembly site assay was performed as described in B. 
Error bars show ± SEM of three independent experiments. * p < 0.05, unpaired t test.
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In this study, we investigated the mechanism of de novo aligned 
assembly of FN fibrils by fibroblasts and show that fibril alignment is 
determined by the distribution of matrix assembly sites formed in 
the initial stages of cell–FN interactions. We identified a novel 
association between matrix assembly sites and fibrillar adhesions, 
the two earliest protein complexes involved in fibril assembly. We 
followed the progression of FN fibril assembly from the initial 
formation of matrix assembly sites, through their rearrangement into 
polarized and oriented distributions, their development into aligned 
fibrillar adhesions and nascent FN fibrils, and ultimately to the for-
mation of an aligned, insoluble FN matrix. Matrix assembly site 
alignment occurred as WI-38 cells were spreading into an elongated 
morphology. However, polarized matrix assembly site distributions 
could be induced in NIH 3T3 cells independent of cell elongation by 
mechanical or chemical stimuli. Thus, modulation of the orientation 
of these complexes by environmental signals is likely to contribute 
to the orientation of the ECM in vivo. We found that fibroblasts as-
sembling an aligned FN matrix were more contractile than fibro-
blasts that assembled a meshwork matrix. Cell contractility, polariza-
tion of matrix assembly sites, and assembly of aligned FN fibrils 
were all induced by TGF-β. Mechanistically, growth factor stimula-
tion during the initial stages of cell–FN interactions may provide a 
means to control the distribution of matrix assembly sites and to 
determine the alignment of the ECM during tissue development.

In our system, WI-38 cells assembled highly aligned FN fibrils de 
novo on an unpatterned surface. We demonstrated a correlation 
between WI-38 cell aspect ratio and the formation of polarized, par-
allel matrix assembly sites. However, results from logistic regression 
analysis, mechanical stretch, and TGF-β treatment indicate that the 
polarized organization of matrix assembly sites arises in the absence 
of or before elongation. Focal adhesions are mechanosensitive and 
transmission of mechanical signals, such as stretch, is mediated by 
integrin- and/or actin-binding focal adhesion components, such as 
talin and vinculin (Sun et al., 2019). Others have shown that focal 
adhesions respond to uniaxial stretch by reinforcing adhesions par-
allel to the stretch direction and disassembling adhesions oriented 
perpendicular (Chen et al., 2013). Because matrix assembly sites 
colocalize with vinculin-containing focal adhesions around the cell 
periphery (Christopher et al., 1997), it is possible that sites oriented 
in the stretch direction are reinforced while FN dimers at other sites 
are released due to focal adhesion disassembly, resulting in a polar-
ized distribution. Matrix assembly site polarization may arise first in 
nonelongated cells and subsequently direct cell elongation. Live 
imaging of chondrogenesis in growth plate cartilage explants has 
shown that polarized cell behaviors, such as chondrocyte rearrange-
ment, are independent of physical indicators of cell polarity such as 
cell shape (Romereim et al., 2014). Additionally, reorientation of 
actin stress fibers has been observed before cell elongation (Greiner 
et al., 2013). Stress fibers are linked to focal adhesions and sites of 
matrix assembly (Livne and Geiger, 2016). Perhaps it is the polariza-
tion of matrix assembly sites that then generates stress fiber reorien-
tation and induces changes in cell shape and elongation.

Fibronectin matrix assembly, regardless of matrix organization, 
requires cell contractility, and disruption of actin filaments by cyto-
chalasin D prevents formation of matrix assembly sites (Zhang et al., 
1994; Christopher et al., 1997; Zhong et al., 1998). Integrin activation 
occurs at sites of matrix assembly and has been shown to contribute 
to aligned FN fibril formation by cancer fibroblasts (Erdogan et al., 
2017). Indeed, we have observed that kindlin-2, an adaptor protein 
that binds to the cytoplasmic tail of β1 integrin and is involved in 
integrin activation (Kloeker et al., 2004; Theodosiou et al., 2016), 
colocalizes with matrix assembly sites in WI-38 fibroblasts (C.M.G., 

unpublished observations). It is possible that local fluctuations in 
these regulators of integrin activity may strengthen some matrix as-
sembly sites and initiate the formation of a polarized distribution 
through positive feedback mechanisms.

In vivo, cells are continually exposed to microenvironmental 
cues, both biochemical and physical, that affect their behavior. Our 
work shows that ECM organization is established in the early stages 
of cells binding to ECM but can be altered or reinforced by physical 
(micropatterns) or mechanical (stretch) signals. These findings indi-
cate that in a tissue microenvironment with established alignment 
cues, such as collagen fibers in the tendon (Birk and Trelstad, 1986) 
or blood vessel wall (Heidari et al., 2015), naive cells are directed to 
assemble aligned ECM through contact guidance. For example, 
after cell division, this guidance is likely important for directing 
oriented reattachment of daughter cells.

Different mechanisms are probably at play in microenvironments 
lacking preexisting alignment cues, and the signals that instruct 
aligned matrix formation during tissue development may differ from 
those utilized for maintenance of tissue architecture or under patho-
logical conditions. In the absence of preexisting cues, aligned ma-
trix assembly may instead depend on chemical signals such as those 
from TGF-β to induce cells and tissues to adapt to new conditions, 
where aligned matrix or an elongated cell shape are needed for 
appropriate function or structure. TGF-β isoforms are highly ex-
pressed during tendon development and healing (Chen et al., 2008; 
Liu et al., 2012), and disruption of TGF-β signaling during mouse 
development results in loss of most tendons and ligaments (Pryce 
et al., 2009). TGF-β isoforms also promote matrix alignment in a 3D 
corneal model (Karamichos et al., 2011). Examination of a publicly 
available RNAseq dataset from Gene Expression Omnibus (GEO) 
revealed that WI-38 fibroblasts express several TGF-β1 pathway 
components at higher levels than NIH 3T3 cells (Marthandan et al., 
2015), which may contribute to the aligned assembly of WI-38 FN 
matrix. TGF-β may synergize with other mechanisms, such as 
mechanical stretch, to influence matrix assembly sites and cell- 
mediated matrix assembly. Complementary mechanisms may have 
context-dependent hierarchies. Understanding the different mecha-
nisms involved in formation of aligned matrix can help inform 
strategies to restore aligned ECM after injury or perturb its forma-
tion under pathological conditions.

MATERIALS AND METHODS
Cell culture and reagents
NIH 3T3 mouse fibroblasts (ATCC, Manassas, VA) were maintained 
in DMEM (Life Technologies, Grand Island, New York) with 10% bo-
vine calf serum (Hyclone, Logan, UT) and antibiotic/antimycotic 
cocktail (Corning Life Sciences, Oneonta, NY). WI-38 human lung 
fibroblasts (ATCC, Manassas, VA) were grown in modified Eagle’s 
medium (MEM) containing 1% nonessential amino acids and 1 mM 
sodium pyruvate (all from Life Technologies, Grand Island, NY) 
supplemented with 10% fetal bovine serum (Hyclone, Logan, UT), 
4 mM glutamine (ThermoFisher) and penn-strep (ThermoFisher). 
RFP-tensin preosteoblasts (a gift from Drs. Bernhard Wehrle-Haller 
and Daniel Bouvard; Stanchi et al., 2009; Brunner et al., 2011) were 
cultured in DMEM supplemented with 10% fetal bovine serum 
(Hyclone, Logan, UT) and antibiotic/antimycotic cocktail (Corning 
Life Sciences, Oneonta, NY). Cells were randomly tested throughout 
culture and found to be free of mycoplasma contamination.

Recombinant human TGF-β1 protein was solubilized in 4 mM 
HCL, 0.1% BSA according to the manufacturer’s instructions (R&D 
Systems, Minneapolis, MN). Fibronectin was purified from frozen 
human plasma by gelatin-Sepharose affinity chromatography and 
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dialyzed into CAPS buffer (Wilson and Schwarzbauer, 1992). Recom-
binant 70 kD was generated with a baculovirus insect cell expression 
system (Aguirre et al., 1994; Carraher and Schwarzbauer, 2013) and 
was biotinylated using EZ-Link sulfo-NHS-biotin (N- hydroxy sulfos-
uccinimidyl biotin) according to the manufacturer’s instructions 
(ThermoFisher, 21217). Rabbit anti-fibronectin antiserum (R457; 
Aguirre et al., 1994) diluted 1:100, hFN7.1 anti-human FN monoclo-
nal antibody (DSHB, Iowa City, IA) diluted 1:500, and rabbit anti-
tensin 1 antibody (Sigma-Aldrich) diluted to 1:200 were used for 
immunofluorescence. Alexa Fluor conjugated streptavidin-488 
(ThermoFisher) was utilized to detect bound 70 kD–biotin. Second-
ary antibodies were Alexa Fluor 568-goat anti-rabbit IgG (H+L) and 
Alexa Fluor 488-goat anti-rabbit IgG (H+L) (Life Technologies) all 
diluted 1:500. DAPI was diluted 1:600 (Sigma-Aldrich), and Texas 
Red-X Phalloidin was diluted 1:100 (ThermoFisher, T7471). All anti-
bodies were diluted in 2% ovalbumin in PBS.

Immunofluorescence of fibronectin matrix and matrix 
assembly site assay
For analysis of the matrix, 5 × 104 cells were plated onto glass cov-
erslips in complete medium and allowed to grow to confluence. 
Three days postconfluence, cells were fixed with 3.7% formalde-
hyde in PBS and stained with R457 antiserum. For analysis of decel-
lularized matrix, 1.5 × 105 cells were plated in complete medium 
and grown for 7 d. The standard Schwarzbauer lab decellularization 
protocol (Harris et al., 2018) was used with the following modifica-
tions: an additional 15-min lysis buffer incubation and extension of 
the third lysis buffer incubation to 1.25 h.

Coverslips were coated overnight with 10 μg/ml human plasma 
FN at 4°C. For matrix assembly site assays, 1 × 104 cells/cm2 were 
plated onto the FN-coated coverslips in a 24-well dish. For analysis of 
matrix assembly over several days, cells were plated onto FN-coated 
coverslips at 2.5 × 104 cells/cm2. Cells that had not attached after 
30 min on FN were removed by aspiration of medium. One hour 
before fixation, 10 μg/ml biotinylated 70 kD was added to the me-
dium. Fluorescently tagged streptavidin was used at a concentration 
of 4 μg/ml to identify sites of bound 70 kD after fixation. For analysis 
of intracellular proteins (such as tensin), cells were permeabilized with 
0.5% Triton X-100 (Sigma) in PBS for 15 min at room temperature.

Quantitative image analysis
To quantify cell shape, cells were outlined using phase images and 
FIJI software (ImageJ, NIH). The fit ellipse tool determined the ma-
jor and minor axes of each cell. These measurements were used to 
determine cell aspect ratio, which was calculated by dividing the 
major axis by the minor axis. All cell aspect ratios across indepen-
dent experiments were depicted in a boxplot for each condition. 
Boxes span the 25th to 75th percentiles, and whiskers denote the 
inner fences of the distribution, which are the limits the data must be 
within in order not to be considered outliers. The midline in the box 
represents the median, and the x indicates the mean. For assess-
ment of matrix assembly site distribution across the cell, the major 
axis of each cell was used to divide the cell into three sections equal 
in length. The presence or absence of matrix assembly sites, indi-
cated by the presence of bound 70 kD, was scored for each cell 
section. The plugin OrientationJ was utilized to determine the ori-
entation of individual matrix assembly sites within a cell (Rezakhaniha 
et al., 2012; Puspoki et al., 2016). In brief, 8-bit images (60× magni-
fication) were cropped so only a single cell was present in an image 
for measurement. The OrientationJ horizontal alignment tool was 
utilized to set the dominant orientation within an image to the hori-
zontal axis, which allowed detection of patterns in orientation direc-

tion across multiple cells. A 2-pixel Gaussian analysis window was 
specified, and the Gaussian window moved across the image to 
calculate structure tensors for the determination of local orienta-
tions. Orientation (in degrees, which could range from -90° to +90° 
from the horizontal) was encoded by color in a visual representation 
as well as a histogram of the distribution of orientations. If the struc-
tures in an image had similar orientations, OrientationJ would 
encode the image structures with a similar hue and produce a histo-
gram with a peak over the common orientation angle.

FN matrix orientation was quantified by fast Fourier transform 
(FFT) analysis using five cropped (1024 × 1024) eight-bit images (20× 
magnification). A grayscale mask was constructed as described previ-
ously (Ayres et al., 2008; Huang et al., 2012; Singh et al., 2014) using 
a gradation of grayscale pixels to account for edge artifacts. Oval 
Profile Plugin (authored by William O’Connell) was used to determine 
the summed pixel intensity for each angle between 0° and 360°. Be-
cause the plot is nearly symmetrical, the radial intensity data were 
averaged and plotted from 0° to 180°, and then normalized to a base-
line value of 0 and plotted in arbitrary units ranging from 0 to 0.10.

Fibronectin micropatterning and stretching experiments
For micropatterning experiments, a polydimethylsiloxane (PDMS) 
stamp approximately 1 cm by 1 cm (a gift from Daniel Cohen, Princ-
eton University) consisting of raised lines 30 μm in width separated 
by microwell lines 30 μm in width was coated with 10% bovine serum 
albumin (BSA, Sigma-Aldrich) in dH2O for 30 min at 37°C. Stamps 
were washed with dH2O after BSA coating. Glass surfaces were 
plasma-cleaned using a basic benchtop plasma cleaner (PDC-32G, 
Harrick Plasma) on high for 1 min before stamping. Immediately after 
plasma cleaning, BSA-coated PDMS stamps were placed in contact 
with the glass surface. A 4-g weight was placed on top of the stamp 
to ensure contact and enhance protein transfer from the stamp to the 
glass. After 5 min of contact, the stamp was carefully removed, and 
the glass surface was immediately washed three times with PBS. The 
BSA-patterned glass surface was then incubated with 10 μg/ml hu-
man plasma FN overnight at 4°C. Cells were seeded on the BSA-FN 
micropatterns for matrix assembly site assays as described above.

For stretching experiments, a custom-designed stretch chamber 
(Aw et al., 2016) containing a flexible 7 × 3 cm PDMS membrane 
(SSP-M823-005, Specialty Silicone Products) was exposed to UV 
light for 30 min and then coated with 50 μg/ml human plasma FN 
overnight at 4°C followed by washing with PBS. A sample of 5 × 104 
cells were given 30 min to attach to the FN-coated PDMS, unat-
tached cells were removed, and fresh medium was added. The 
PDMS membrane was stretched 2.0 mm every 15 min for a period 
of 1 h. Then membranes were held in a stretched position for an 
additional 2.5 h, during which time the matrix assembly site assay 
was performed as described. Quantification of cell aspect ratios for 
both micropatterning and stretch experiments was performed using 
FIJI software as described.

Epifluorescence and total internal reflection fluorescence 
microscopy
Coverslips were mounted using ProLong Gold Antifade Reagent (Life 
Technologies, Grand Island, NY). Images were captured using either 
a Nikon Eclipse Ti microscope equipped with a Hamamatsu C11440 
ORCA-Flash 4.0 LT plus digital camera and NIS-Elements Software 
(Nikon, Melville, NY) or a Hamamatsu C10600 ORCA-R2 digital 
camera and iVision acquisition software. Images compared with one 
another were equivalently adjusted for brightness and contrast in FIJI 
for presentation in figures. All FFT or OrientationJ analyses were per-
formed on unadjusted 8- or 16-bit images, respectively.
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Total internal reflection fluorescence (TIRF) microscopy was per-
formed on a Nikon Ti-E with a perfect focus system fitted with an 
Andor iXon Ultra CCD camera (Oxford Instruments). Images were 
captured with NIS-Elements Software. Live-cell matrix assembly site 
assays were performed as described above, with the following mod-
ifications: after removal of cells that had not attached by 30 min, 
10 μg/ml biotinylated 70 kD biotin was added to the medium, fol-
lowed by 4 μg/ml fluorescently tagged streptavidin 10 min later. 
Samples were then brought down to the TIRF microscope for live 
imaging.

Fibronectin–fibrin matrix contraction assay
Fibrin–FN matrices were prepared as described previously (Corbett 
and Schwarzbauer, 1999; Midwood and Schwarzbauer, 2002) by 
mixing components to yield the following final concentrations: 
600 μg/ml human fibrinogen (BioVision Inc, Milpitas, CA), 150 mM 
sodium chloride, 20 mM calcium chloride, and 10 mM Tris-HCl, pH 
7.4. No additional FN or Factor XIII was required for clot formation. 
Cells were resuspended in a 0.025 M HEPES/0.13 M NaCl solution 
and added to the clot components for a final concentration of 1.2 × 
106 cells/ml. After thrombin addition, the mixture was quickly pipet-
ted into BSA-coated wells and incubated at 37°C. After 30 min at 
37°C, FN-depleted medium was added to the wells and clots were 
carefully detached from the well walls using a thin needle under a 
dissecting microscope. The diameter of the clot was measured over 
4 h as described previously (Corbett and Schwarzbauer, 1999; 
Midwood and Schwarzbauer, 2002). The percentage contraction for 
each condition was normalized to the contraction of a clot that did 
not contain cells. For treatment of cells with TGF-β1, fibroblasts 
were grown for 24 h in medium containing 10 ng/ml recombinant 
TGF-β1 protein or an equivalent volume of vehicle before use in 
contraction assay.

Logistic regression and statistical analysis
Logistic regression analysis was performed using the Excel data 
analysis add-on XLSTAT. The cutoff value was set at p = 0.50. For all 
other statistical analyses, p-values were determined from the results 
of 2–4 independent experimental replicates using either Student’s t 
test or one-way analysis of variance (ANOVA) with post hoc Tukey 
testing. Values less than 0.05 were considered to be significant.
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