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ABSTRACT
Cellular fibronectin (FN; also known as FN1) variants harboring one
or two alternatively spliced so-called extra domains (EDB and EDA)
play a central bioregulatory role during development, repair
processes and fibrosis. Yet, how the extra domains impact fibrillar
assembly and function of themolecule remains unclear. Leveraging a
unique biological toolset and image analysis pipeline for direct
comparison of the variants, we demonstrate that the presence of one
or both extra domains impacts FN assembly, function and physical
properties of the matrix. When presented to FN-null fibroblasts, extra
domain-containing variants differentially regulate pH homeostasis,
survival and TGF-β signaling by tuning the magnitude of cellular
responses, rather than triggering independent molecular switches.
Numerical analyses of fiber topologies highlight significant
differences in variant-specific structural features and provide a first
step for the development of a generative model of FN networks to
unravel assembly mechanisms and investigate the physical and
functional versatility of extracellular matrix landscapes.

This article has an associated First Person interview with the first
author of the paper.
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INTRODUCTION
The extracellular matrix (ECM) is a cell-derived bioscaffold
composed of more than 100 proteins in a given tissue (Hynes and
Naba, 2012) that provides mechanical support to the underlying
cells and promotes tissue integrity. In addition, the composition and
the physical state of the ECM affect cell physiology by acting as a
functionalized platform for the transmission of biochemical and
biomechanical cues (reviewed in Frantz et al., 2010; Hynes, 2009;
Theocharis et al., 2016). Fibronectin (FN; also known as FN1), a
major ECM component of developing and diseased tissues, is at the
epicenter of this platform.

FN is a large glycoprotein composed of two similar, but
not identical, subunits, encoded by a single gene and linked by two
disulfide bonds at their C-terminal ends. Each subunit
(240–270 kDa) has a repetitive modular structure composed of
Type I, Type II, and highly extensible Type III repeats that allow
the molecule to acquire compact and stretched conformations and
to partner with a large variety of ECM components, cell receptors
and soluble factors in a mechanically-tuned fashion (Vogel, 2006).
FN is assembled into a fibrillar array, its active form, on the surface
of assembly-competent cells. Fibrillogenesis is initiated by the
binding of FN to its principal cellular receptor, integrin α5β1.
Integrin activation triggers the recruitment of cytoplasmic binding
partners and reorganization of the actin cytoskeleton. Intracellular
acto-myosin-generated forces applied to FN lead to partial
unfolding of the molecule and exposure of cryptic self-
association sites that support polymerization and higher-order
fiber assembly on the cell surface (reviewed in Singh et al., 2010).
Importantly, FN networks provide templates for the deposition of
other matrix proteins (Sottile and Hocking, 2002; Velling et al.,
2002).

FN can be found in two distinct forms known as plasma FN (pFN)
and cellular FN (cFN). pFN is produced by the liver and circulates in
the bloodstream, while cellular FN is expressed and assembled in an
insoluble matrix by mesenchymal cells such as fibroblasts, endothelial
cells, chondrocytes and macrophages (Hynes, 1990). cFN differs from
pFN by the presence of highly conserved (reviewed in White et al.,
2008) alternatively spliced FNType III repeats termed ExtraDomainB
(EDB or EIIIB) and Extra Domain A (EDA or EIIIA), which flank
the cell binding (RGD) and synergy sites (PHSRN) located in FNIII10
and FNIII9, respectively. Each alternatively spliced extra domain is
generated from a single exon and gives rise to a FNIII repeat, the
expression of which is tightly regulated and limited to embryonic
development, wound healing (Ffrench-Constant, 1989) and tumor
progression (Castellani, 1986). Thus, the term ‘oncofetal’ is often used
to describe FN isoforms harboring either or both of the extra domains,
which are scarce in adult tissues.

Early knockout studies in the mouse highlighted the importance of
FN in the developing organism, since FN-null mice die during
gestation [before embryonic day (E)10.5] due to severe defects in
neural tube formation and vascular development (George et al., 1993).
Intriguingly, combined deletion of both extra domains also leads to
embryonic lethality (Astrof et al., 2007), whereas mice lacking either
extra domain are viable and fertile (Fukuda et al., 2002; Muro et al.,
2003). EDA-targeted deletion and EDA-constitutive inclusion studies
have revealed roles for this FNIII repeat in lymphatic valve
morphogenesis, atherosclerosis, tissue injury, inflammation and
lifespan regulation. While several receptors have been shown to bind
EDA, such as integrins α9β1, α4β1, α7β1 and TLR4 (reviewed in
White et al., 2008), much less is known about EDB, for which no
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receptor has so far been identified. Rather, its presence has been
demonstrated to induce conformational changes regulating the
accessibility to adjacent cryptic sites (Balza et al., 2009; Carnemolla
et al., 1992; Ventura et al., 2010), and facilitating RGD presentation to
α5β1 integrins, thereby favoring integrin clustering and downstream
signaling (Schiefner et al., 2012).
Regarding matrix assembly, FNs containing EDB or EDA have

been found to be most efficiently integrated by cells into pre-
existing ECMs (Guan et al., 1990), consistent with subsequent loss-
of-function studies showing that EDB deficiency reduced FN
deposition in cultured fibroblasts and endothelial cells (Cseh et al.,
2010; Fukuda et al., 2002). These data suggest that, although the
extra domains are not essential for FN fibrillogenesis per se, they
may regulate the dynamics of polymerization by affecting FN–cell
and/or FN–FN interactions.
Despite decades of research on fibronectin, the role of extra

domains in FN assembly and functions has not been directly assessed
using full-length variants in an identical cellular context, devoid of
autocrine FN production. To this end, we generated constructs
harboring human FN variants containing one, both or none of the
alternatively spliced extra domains for expression in FN-null cells,
and production of recombinant proteins in assembly-incompetent
cells. As the biological activity of FN is dependent on the

conformation of the fibers that constitute its functional form, we
enriched our biological toolset with in-depth computational analyses
of FN network topology. Here, we report that the presence of EDB
and/or EDA facilitates FN fibrillogenesis and regulates cell survival,
pH control and TGF-β signaling in fibroblasts. Quantitative
characterization of FN networks has uncovered significant variant-
specific differences in structural features and provides a promising
framework to enrich the development of imaging-based machine
learning methodologies for automatic classification of matrix
attributes associated with disease states.

RESULTS
Recombinant human FN isoforms
To explore the functions of alternatively spliced cFN variants and
the impact of the extra domains EDB and EDA on FN matrix
assembly, we constructed a set of lentiviral expression vectors
harboring the full-length coding sequence of the human FN1 gene
containing one, both or none of these alternatively spliced FN Type
III repeats (Fig. 1A). All constructs contain the alternatively spliced
variable region V-89 (Schwarzbauer, 1991). We chose not to insert
additional sequences encoding cumbersome fluorescent proteins or
molecular tags, to avoid modifying the conformation of the protein
and disrupting inter- and intra-molecular interactions.

Fig. 1. FN variant-expressing MFs. (A) Schematic representation of the four human FN variants harboring the EDB and/or EDA extra domains (or none),
including the variable region V-89, and their expression in assembly competent Fn1−/− MF clones. (B) Mean±s.e.m. FN mRNA levels across selected clones
(indicated in D) after 7 days in culture, expressed in arbitrary units (AU, n=3). (C) Western blot analysis of FN expression in four selected clones (same as in B)
after 7 days in culture (n=2 independent experiments performed under identical conditions). Numbers beneath the conditioned medium (CM) and cell lysate blots
represent the mean±s.d. fold FN levels relative to MF B− A− in the conditioned medium and cell lysates, respectively. ERK1/2 was used as loading control.
The mean±s.d. ratios of FN in CM to the respective cell-associated FN is shown below (n=2 independent experiments performed under identical conditions).
(D) Immunofluorescence staining to assess FN re-expression and assembly in the indicated set of clones after 7 days in culture (representative images of n=5
independent experiments are displayed). Nuclei staining is shown in the inserts. Scale bar: 50 μm.
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Re-expression of FN variants in FN-null MFs
To eliminate confounding effects of endogenous cFN for re-
expression studies, a Cre recombinase vector was introduced in Fn1
fl/fl mouse fibroblasts (MFs), which express FN EDB- and EDA-
containing transcripts at a ratio of roughly 1:1 (Fig. S1A–C). One
Fn1−/− clone (clone D) was selected for transduction with the
human FN expression vectors based on its fibroblast morphology,
its ability to readily assemble exogenously presented FN and the
absence of multinucleated and/or senescent cells (Fig. S1D,E).
Following transduction, variant-expressing clones were isolated for
analysis, as working with homogeneous populations of FN re-
expressing cells, rather than heterogeneous populations with highly
variable FN expression levels, is essential for comparative studies
(Fig. 1A). Furthermore, for comparison, equivalent amounts of FN
must be expressed by the selected clones.
A representative clone of each variant is shown in Fig. 1B–D. The

presence of the expected extra domains in the pericellular FNmatrix
was confirmed by immunofluorescence staining with extra domain-
specific antibodies (Fig. S2A). Despite relatively similar FN
transcript levels (Fig. 1B), more cell-associated FN was observed
in lysates of MF clones expressing the extra domain-containing
variants than the plasma-like FN B− A−. Conversely, the ratio of
soluble FN in the conditioned medium to cell-associated FN was
higher in MFs expressing plasma-like FN B− A− (Fig. 1C). The
facilitating effect of the extra domains on FN assembly was further
evidenced by the augmented pericellular deposition of fibers by
clones expressing extra domain-containing FN (Fig. 1D).
We have previously demonstrated that autocrine FN expression is

tightly coupled to its fibrillar assembly and that differences in FN
expression levels could have a considerable effect on assembly of
the protein (Cseh et al., 2010). Indeed, examination of several
variant-expressing clones (Fig. S2B–D) confirmed that increased
expression of the same mRNA generally resulted in more efficient
assembly of the molecule. Nonetheless, some clones expressing
equivalent amounts of the same transcript displayed marked
differences in their ability to deposit a FN matrix, indicating that
not only expression levels, but also clonal heterogeneity can impact
fibrillogenesis.
These re-expression studies indicate that cells assemble FN

containing either one or both of the extra domains more efficiently
than FN lacking extra domains. However, our findings that FN
assembly is particularly sensitive to autocrine expression levels and
to clonal variability indicate that direct comparison of FN variant
assembly and function cannot be accurately achieved using clones
that re-express FN.

Presentation of recombinant variants to FN-deficient MFs
To circumvent the problems associated with the inherent phenotypic
variability of recipient MF clones, subsequent studies were
performed in an identical cellular context. Hence, as schematized
in Fig. 2A, FN variants were purified and provided in soluble form
to the same Fn1−/− MF clone (clone D) that was used for FN
re-expression studies.
For purification, the recombinant isoforms were expressed in

assembly-incompetent HEK293 cells in which endogenous FN
expression is very low (Fig. S3A,B). Following transduction, cells
secreted high levels of the soluble variants into their culture
medium. The purified variants displayed appropriate molecular
mass and they dimerized (Fig. S3C), as required for fibrillogenesis
(Schwarzbauer, 1991). Specific inclusion of each extra domain was
confirmed by western blot analysis using isoform-specific anti-FN
antibodies (Fig. S3D). Cellular FN is considerably less soluble than

pFN under physiological buffer conditions (Yamada and Olden,
1978). Consequently, it was essential to assure concentration
uniformity of the soluble proteins in each experiment and verify the
absence of FN aggregates, visualized by immunofluorescence
staining of FN variant-coated coverslips (Fig. S3E, arrowheads).

For analysis of FN assembly, subconfluent Fn1−/− MFs were
allowed to adhere overnight on non-coated glass coverslips before
adding the variants. A concentration of 15 µg/ml was chosen for
experiments, following dose–response analyses of exogenous FN
assembly by these cells (Fig. S3F). First, we compared the quantity
of the different recombinant FNs in cell lysates by western blotting.
As shown in Fig. 2B, all of the FN variants were readily detectable
as early as 2 h after addition of the soluble proteins to the cells.
Variants containing one or both extra domains were 1.69- to 3.18-
fold more abundant in cell lysates than plasma-like FN. The cell-
associated protein corresponded exclusively to assembled FN, as
determined by immunofluorescence staining (Fig. 2C).

Similar to what was observed in FN re-expressing cells (Fig. 1D),
the presence of extra domains enhanced fibrillar assembly of
exogenous FN (Fig. 2C). Whereas only short thin fibers were
detected at 2 h on cells presented with plasma-like FN, a more
elaborate pattern of long coarse fibers was seen in cells treated with
the cFN variants. At 2 h we did not observe marked variant-specific
patterns of cFN assembly (Fig. 2C) or extra domain-dependent
differences in integrin distribution (Fig. S4). Assembly of the
exogenously provided cFN was predominantly observed at sites of
cell–cell adhesion (Fig. 2C, thick arrow), or along the lateral and
retracting edges of polarized cells (Fig. 2C, thin arrow). FN fibrils
were not present in the peripheral adhesions at the front of polarized
cells (Fig. 2C, arrowhead). By 48 h, all four recombinant FN
variants were incorporated into dense meshworks by cells (Fig. 2C).

Effect of FN variants on cell growth and survival
The presence of EDB and EDA in cellular FN have been reported to
confer distinct growth promoting properties upon the molecule
(Fukuda et al., 2002; Manabe et al., 1999). Therefore, we examined
the proliferative effects of the recombinant full-length cFN variants
on Fn1−/− MFs. As shown in Fig. 3A, addition of FN had no
significant effect on early growth of cells. All four FN variants
significantly increased exponential growth rates (decreased cell
doubling times) compared to that of vehicle-treated control (CTRL)
cells (Fig. 3B). Interestingly, whereas the number of viable cells
began to plateau after 3 days in vehicle-treated cultures and after
4 days in the presence of plasma-like FNB−A−, the numbers of cells
in cultures with FN containing one or both extra domains continued
to increase for at least 5 days. At 5 days, CTRL- and FN B−
A−treated cultures displayed an increased number of round refractory
(dying) cells compared to cells treated with extra domain-containing
FN variants, as depicted in the phase-contrast images of FN B− A−
and FN B+ A+-treated monolayers (Fig. 3C). This finding suggests
that the cFN variants confer a survival advantage to densely packed
cells.

Metabolic effects of FN
While performing growth curve experiments, we observed an
increase in acidification of the culture medium of cells treated with
the extra domain-containing FN variants, as compared to CTRL
(non-treated) cells or cells exposed to plasma-like FN B− A−
(Fig. 3D). The effect became visible after 2 days and the increment
was most pronounced in cells presented with FN B+ A−, despite the
similar growth rate of these cells (Fig. 3A,B). Extracellular
acidification is a proxy for lactate production, suggesting that
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FN-induced acidification of the intra- and extra-cellular space could
be due to a metabolic switch in the cells from oxidative
phosphorylation to anaerobic glycolysis. To assess this, we measured
glucose uptake, lactate production, the extracellular acidification rate
(ECAR) and the oxygen consumption rate (OCR) in CTRL- and FN
variant-treated cells.
Glucose transport and lactate extrusion measurements after 48 h

showed a tendency for FN-induced stimulation, although statistical
significance was not reached (Fig. S5A,B). Moreover, expression of
glycolytic enzymes was significantly increased by FN (Fig. S5C,D),
yet no variant-dependent differences were detected. Next, we
determined glycolysis and mitochondrial respiration simultaneously
after 72 h of FN treatment. Compared to CTRL cells, FN B+A− and
FN B−A+-treated cells displayed a higher basal extracellular
acidification rate (ECAR) (Fig. 3E), is in line with medium color

changes. ECAR in response to glucose addition, reflecting anaerobic
glycolytic response, remained unchanged across conditions, and even
slightly decreased in cells treated with FN B− A+ and B+ A+ (Fig.
S5E). Cells in the presence of FN B+ A+ displayed lower
mitochondrial activity (lower basal OCR and lower maximal
OCR), although no differences in OCR were observed in cells
treated with the other variants (Fig. S5F,G). Respiration coupled to
ATP synthase was similar for all conditions and mitochondrial
capacity was maximal, even without glucose, as evidenced by the
same values in basal and maximal OCR, suggesting the use of
another substrate for oxidative phosphorylation in these cells (Fig. 3F;
Fig. S5H,I). As H+ extrusion can be a consequence of cell
acidification, we set out to detect changes in intracellular pH in
cells treatedwith the FNvariants (Fig. 3G). Indeed, when intracellular
pH drops, several pumps extrude H+ to bring the pH back to normal

Fig. 2. Presentation of extra-domain-
specific FN variants to Fn1−/− MFs.
(A) Schematic representation of the
expression of FN variants in assembly-
incompetent HEK293 cells for purification
from conditioned medium (CM). After
purification, Fn1−/− MFs are presented with
the purified variants for functional analyses.
(B) Western blot of whole-cell lysates and
conditioned medium of Fn1−/− MFs
presented with FN variants for 2 h.
Quantification of FN bands in the
conditioned medium verified the addition of
equal amounts of FN to the cells, presented
here as mean±s.e.m. relative to the amount
of FN B− A− (n=9). Cell-associated FN
represents harvesting and deposition of FN
variants by Fn1−/− MFs shown as
mean±s.d. relative to FN B− A−. ERK1/2
was used as loading control (n=2
independent experiments performed at this
time point). (C) Immunofluorescence
staining of FN and nuclei of Fn1−/− MFs
presented with FN variants for the indicated
times (2 h, n=2; 48 h, n=3 independent
experiments). Polymerized FN is located at
areas of cell–cell contact (thick arrow) and
retracting edges of polarized cells (thin
arrow). The absence of FN polymerization
can be noted at the leading edge of spread
cells (arrowhead). In the 48-h images,
nuclei staining is shown in the inserts. Scale
bars: 50 μm.
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levels. While intracellular pH decreased significantly in the presence
of FN B+ A−, only a tendency towards a decrease was observed for
B− A+-treated cells (Fig. 3G) which displayed increased ECAR
(Fig. 3E). From these results, we conclude that addition of exogenous
FN to these fibroblasts does not induce a readily apparent metabolic
reprogramming but does induce H+ extrusion partly independently of
anaerobic glycolysis, and this effect is influenced by the presence of
extra domains.

FN-induced TGF-β activation and signaling
It has been previously proposed that ECM formation and turnover
depend on a feed-forward loop involving FN and TGF-β (Fontana
et al., 2005). TGF-β regulates FN production (Ignotz andMassagué,
1986), alternative splicing (Balza et al., 1988; Borsi et al., 1990;
Castellani, 1986), and the expression of the major FN receptor,
integrin α5β1 (Ignotz and Massagué, 1987). Moreover, FN was
shown to mediate latent TGF-β activation through a mechanism
involving αv-containing integrins (Fontana et al., 2005; Henderson
et al., 2013). To assess whether the extra domains play a role in FN-
induced activation of latent TGF-β and TGF-β signaling in Fn1−/−

MFs, we monitored expression of the TGF-β response genes PAI1
(also known as SERPINE1),CTGF (CCN2) and TGFBI (Kutz et al.,
2001; Leask and Abraham, 2003; Ween et al., 2012), and SMAD2
phosphorylation (Fig. 4). The absence of TGF-β in our FN
preparations was confirmed by ELISA (Fig. S5J). Time courses

of PAI1, CTGF and TGFBI mRNA expression following the
addition of 15 μg/ml of FN to cells are shown in Fig. 4A. FN
stimulated a rapid increase in PAI1 and CTGF mRNA expression
which peaked at 2 h and returned to near-basal levels by 6 h,
indicating that FN triggers TGF-β signaling in Fn1−/− MFs. TGFBI
(TGF-β-induced) mRNA expression was unaffected at short times
after FN addition (2 h). However, significant downregulation was
observed after 48 h (Fig. 4B), reflecting a possible FN-dependent
retro-control of TGF-β pathway activation. Consistent with this
being a TGF-β-mediated effect on gene expression, FN also
stimulated SMAD2 phosphorylation in these cells, and the presence
of one or both FN extra domains had a similar impact on the
magnitude of the response (Fig. 4C). FN B+ A+ was found to be the
most potent agonist of TGF-β signaling in MFs (Fig. 4A–C)
whereas FN B− A+ induced the weakest response. The observed
differences were not due to differential expression and/or secretion
of TGF-β, since total TGF-β levels in acid-treated conditioned
medium were equivalent across conditions (Fig. S5K). As shown
in Fig. 4D, a 30-min pretreatment of cells with the TGFβRI
antagonist SB-431542 (10 μM) precluded FN-induced SMAD2
phosphorylation, indicating that this effect is mediated by TGFβRI.
These results suggest that the extent of TGF-β induction most likely
involves variant-specific activation of latent TGF-β. In light of the
proposed role of mechanical force and ECM stiffness in activation
of latent TGF-β (Hinz, 2015; Sarrazy et al., 2014; Wipff et al.,

Fig. 3. The effects of FN extra
domains on cell growth and
metabolism. (A) Growth curves of
Fn1−/−MFs stimulated with FN variants
or vehicle buffer for 5 days (mean±
s.e.m.; n=7). (B) Doubling time of cells
treated with FN variants relative to cells
treated with vehicle CTRL determined
from the linear part of the exponential
phase of growth (mean±s.e.m.; n=7).
(C) Representative phase-contrast
images of Fn1−/− MFs 5 days after
stimulation with FN variants. Scale bar:
100 μm. (D) Medium acidification
observed 4 days post treatment.
(E) Extracellular acidification rate
(ECAR) of Fn1−/− MFs after a 72-h
treatment with FN variants or vehicle
buffer measured with the Seahorse
analyzer (mean±s.d.; from two
independent experiments; points
represent the mean of technical
triplicates). (F) Oxygen consumption
rate (OCR) measured with the
Seahorse analyzer in Fn1−/− cells
treated for 72 h with FN variants or
vehicle buffer (mean±s.d.; three
technical repeats from two independent
experiments). The color code is the
same as in A. (G) Intracellular pH
measurements in cells treated with
FN variants or vehicle CTRL after 48 h
(n=6). Results are represented as
mean±s.e.m. ΔpHi (difference in
internal pH) relative to CTRL. *P≤0.05;
**P≤0.01 (Student’s t-test).
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2007), we compared the ability of the FN variants to induce collagen
lattice contraction by embedding Fn1−/− MFs into collagen lattices
containing 15 μg/ml of the FN variants. The extent of contraction
was determined after 24 h. Whereas the presence of FN resulted in
pronounced reduction in the lattice surface, only slight differences
were observed among the four variants, indicating that presence of
the extra domains had no impact on FN-induced collagen gel
contraction (Fig. S5L).

The effect of the FN extra domains on physical properties of
the ECM
As the presence of the extra domains enhanced FN fibrillogenesis
and differentially affected cellular responses to FN, we examined
whether variant-specific differences could be observed in the
physical properties of the matrix assembled by FN-deficient MFs
presented with the purified FN proteins. For optimal comparison of
the matrix networks, MF cultures plated at 80% confluence were
denuded of cells after 7 days and MF-derived matrices (MDMs)
were fixed and stained for FN or other matrix proteins. Interestingly,
the organization of FN in the MDMs appeared to be different
depending upon the FN variant presented to cells (Fig. 5A). In line
with its role as an obligate template for assembly of other matrix
components, the architecture of FN fibrils impacted higher-order
matrix organization. For example, patterns of collagen VI and
tenascin C staining appeared similar in mature matrices of cells
presented with the same FN variant, whereas they appeared clearly
dissimilar in matrices of cells presented with different variants.
Differences in the mechanical properties of the four matrices were
also noted. The average thickness of the MDMs ranged between

6.3 µm and 9.0 µm, with the matrix containing FN B+ A− being
significantly thicker than the others (Fig. 5B). Interestingly, the
same matrix was also the most compliant, as determined by
indentation using atomic force microscopy (AFM) (Fig. 5C). By
contrast, the median Young’s (elastic) modulus was highest for the
MDM containing plasma-like FN, devoid of extra domains,
suggesting that the presence of extra domains in FN can alter the
stiffness of the FN-rich ECM. Additionally, the elastic modulus of
the FN B−A− MDM displayed the largest range of values,
suggesting a greater heterogeneity in the composition and/or
crosslinking of this matrix.

Structural features of the FN variant matrices
Structural features of the ECM reflect the physiological state of
tissues and have a profound impact on cell behavior. To delve deeper
into the impact of FN extra domains on fiber network architecture, we
employed a computational image analysis approach. Advanced
computer vision and machine learning tools were developed to
interrogate whether the geometric features of the variant-specific
matrices (assembled by the same cells) are distinguishable, and, if so,
whether they can be described, quantified, modeled or attributed to
extra domain-specific biological functions.

Automatic classification of images of extra-domain-specific FN
networks
To optimize the quality of the images for processing, high-resolution
images of the decellularized matrices were acquired by confocal
microscopy (Fig. 6A). Images were subsequently classified using a
pre-trained convolutional neural network (CNN), as described in the

Fig. 4. Regulation of TGF-β signaling by
FN extra domain-containing variants.
(A) Time course of TGF-β response gene
expression. Fn1−/− MFs were stimulated
with FN variants for the indicated time
points. Results are represented as mean
±s.e.m. fold change relative to vehicle
control (CTRL) for each time point. Time
points later than 8 h have been omitted for
clarity (n=4). (B) Time points at which
changes in expression levels are the
highest (2 h for PAI1 and CTGF; 48 h for
TGFBI). (C) Western blot displaying the
phosphorylation of SMAD2 (p-SMAD2)
after a 2-h stimulation of Fn1−/− MFs with
FN variants. Total SMAD2 used as loading
CTRL. Numbers beneath the blots
represent mean±s.e.m. fold
phosphorylation relative to CTRL (n=3).
(D) Western blot showing the decrease in
SMAD2 phosphorylation following TGFBRI
inhibition. Fn1−/− MFs were treated with FN
B+ A+ and SB-431542, a TGFBRI inhibitor,
and their respective vehicle solutions for
control. Total SMAD2 was used as loading
control. Numbers beneath the blots
represent mean±s.d. fold phosphorylation
relative to respective CTRL (n=2
independent experiments) (*P≤0.05;
**P≤0.01; ***P≤0.001 (Student’s t-test).
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Materials andMethods. The results of this classification are presented
in Fig. 6B in terms of a confusion matrix, which allows the
visualization (on the diagonal) of the percentage of images that were
correctly classified as belonging to the expected FN variant class.
High intra-variant accuracy scores were observed (general accuracy,
83.3%), indicating that the information contained in the images is
sufficient for the algorithm to recognize topological and geometrical
differences inherent to the four matrix types. Additionally, machine-
based classification outperformed the ability of a biologist who was
blind to the experimental conditions to correctly classify the same
image set (biologist accuracy, 61.4%). Topological and geometrical
properties of fiber arrangements containing only EDA (B− A+) are
the most distinguishable (90.5%), followed by the B− A− fibers
(85.7%), devoid of extra domains. FN networks containing only EDB
(B+ A−) are less distinguishable, while B+ A+ fibers are the least
distinguishable in automatic classification.

Network properties and feature extraction
As a first step in the characterization of the properties of FN fiber
networks, fibrillar structures were detected using the workflow
shown in Fig. 6C. After generating a high-quality dataset of images
(1), we defined a set of Gabor kernels, or ‘dictionary of elementary
fibers’ (2) that incorporates a set of parameters (described in
Materials and Methods) that capture the entire range of different
fibers. After fiber detection (3), the morphological skeleton, or
median axis, of the detected fibers was computed (4) for feature
extraction and analysis (5). Fig. 6D displays the FN variant-specific
graphs, or sets of edges connected by nodes, associated to the
morphological skeletons of the fibers. The advantage of using a
graph-based representation is that, apart from Gabor-specific
descriptive parameters, we are able to compute additional features
that, in turn, can help characterize the properties of the FN fibers
including network connectivity and mesh shape.

Fig. 5. The impact of the FN extra domains on FN assembly and ECM physical properties. (A) Variant-specific decellularized matrices. Fn1−/− MFs were
presented with FN variants for 7 days. Matrices were generated, decellularized, fixed and immunofluorescently stained for FN, type VI collagen and
TNC (n=2 technical repeats from two independent experiments). Scale bar: 100 μm. (B) Matrix thickness measured with confocal microscopy (mean±s.e.m.;
n=5). (C) FN variant-specific ECM stiffness was measured with atomic force microscopy (n=3). Data from a representative experiment presented as
box-and-whisker plots, with box borders representing the 25% and 75% of the interquartile range, and whiskers representing the 10% and 90% of the data points;
median values are shown. **P≤0.01; ***P≤0.001; ****P≤0.0001 (B, Student’s t-test; C, Kruskal–Wallis test for non-parametric distributions).
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PCA analysis of the fiber features
After establishing a faithful representation of the fibers, a set of
features was selected to characterize fiber networks and to perform
principal component analysis (PCA). The PCA method was used to

explore the relatedness between the different FN variants with
respect to various physical attributes, or features, including (1)
connectivity, (2) fiber thickness, (3) fiber heterogeneity, (4) pore
shape and (5) pore size distribution. To describe the connectivity of

Fig. 6. Computational analyses of FN variant-specific matrices. (A) Matrices assembled by Fn1−/− MFs presented with FN variants were decellularized after
7 days, stained for FN and visualized by confocal microscopy. Scale bar: 50 μm. (B) Confusion matrix of FN variant network classification using Convolutional
Neural Networks. An algorithm was trained to recognize and classify FN-variant-specific matrices. The diagonal (in blue) displays the classification success rate
(correctly classified images). (C) Flow chart of fiber analysis. 1, confocal images were acquired and cropped to a final size of 512×512 pixels; 2, a set
of Gabor kernels representing an elemental-fiber dictionary was established; 3, fiber detection was performed using Gabor kernels on acquired images; 4,
detected fibers were used to generate variant-specific morphological skeletons; 5, feature extraction. (D) Graph-based representation of the FN variant fibers
detected by Gabor kernels. Edges (black segments) connect nodes (red dots). (E) Principal component analysis (PCA) of the indicated features related to the
graphs or derived from characteristic Gabor kernel parameters.
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the fibers, we computed the relative abundance of nodes of different
degrees. The degree of every node is defined by the number of edges
connected to it. The variant-specific connectivity distributions are
shown in Fig. S6A. Interestingly, B−A− fibers are characterized by
a higher abundance of fiber ends, delineating a low level of
connectivity, compared to the other variants, especially to B− A+.
These results reveal that the absence of extra domains leads to a less
branched FN fiber arrangement.
Next, we considered fiber thickness by computing the proportion of

thin to thick fibers. As shown in Fig. S6B, B−A− fibers display a low
proportion of thin fibers, and, hence, are characterized by the presence
of medium and thick fibers, while the opposite is observed for B−A+.
To analyze fiber thickness heterogeneity, or fiber diversity, we
implemented the fiber thickness kurtosis, a parameter that indicates
how outlier-prone the fiber thickness distribution is relative to a normal
distribution with identical variance. In terms of fiber thickness, B−A+
values are distributed around themean, suggesting a high homogeneity
in fiber thickness, compared to B− A− fibers, the thickness of which
was more heterogeneous (Fig. S6C).
Pore shape was measured through a circularity parameter and the

average pore size. Circularity reflects pore anisotropy allowing us to
distinguish circular and oval-like pores. Fig. S6D shows that FN B−
A− arrangements are characterized by a high number of oval pores,
while pores in FN B− A+ networks are predominantly circular. The
same pattern is observed in terms of pore size. Large pore sizes are
found within FN B− A− networks, while smaller pore size is
observed in FN B− A+ networks (Fig. S6E).
The PCA (Fig. 6E) was performed with the aforementioned

features, by adopting the representation provided by the first two
principal components. The plot illustrates both the samples (images)
projected in a bi-dimensional space, and the five features represented
by vectors, the direction and length of which indicate the contribution
of each feature to the two principal components. Generally, the
samples belonging to FN B− A− and FN B−A+ are concentrated in
non-overlapping areas, displaying the distinguishability of these two
variant-specific FN networks through the chosen features.
Altogether, these analyses demonstrate that FN B− A+ matrices

display highly branched, homogeneous, thin fibers that form small
pores. In contrast, cells presented with FN B−A− assemble thicker,
less branched fibrillar networks with larger more elongated pores.
Interestingly, the presence of EDB results in matrices (either B−A−
or B+ A+) characterized by a mixture of the attributes seen in B−
A− and B− A+ networks.

DISCUSSION
In this study, we set out to determine how the presence of EDB and
EDA in the FN molecule influences cellular functions and impacts
ECM architecture. To do so, we implemented an in vitro approach
consisting of FN-null MFs either re-expressing or presented with
extra-domain-specific FN. Several important considerations were
factored into the design of our experiments. First, we used FN
knockout cells to preclude interference from endogenous cFN.
Second, we generated full-length FN constructs (instead of FN
fragments) in light of the involvement of multiple domains in matrix
assembly [see Ohashi and Erickson (2011) and references therein].
Furthermore, we did not include additional sequences in our
constructs (e.g. GFP or YFP; Ohashi et al., 1999, 2002) to preserve
variant-specific spatial conformations and avoid disrupting relevant
intra- or inter-molecular interactions, thus improving the biological
relevance of our results. Finally, we learned, from close examination
of multiple clones re-expressing FN variants, that defining the precise
mechanisms by which EDB and EDA selectively impact fiber

assembly and network topology is not possible in a re-expression
context. Indeed, assembly of the same variant by different clones was
extremely sensitive to FN expression levels and to clonal variability.
This is not surprising as FN expression in vivo is exquisitely
regulated, both positively and negatively and at multiple levels
(transcription and mRNA processing, trafficking, secretion and
assembly). Such dynamic regulation is lost upon re-expression of
cDNA sequences under an exogenous promoter and lacking
untranslated regions of the mRNA. Thus, dose dependence and cell
heterogeneity must be considered when investigating FN assembly in
genetically engineered cell clones or in cells with different genetic
backgrounds, such as MFs isolated from different mice [e.g. control
and knockout genotypes (Bass et al., 2007; Fukuda et al., 2002; Goetz
et al., 2011)]. Although our variant re-expressing clones are of limited
use for comparative mechanistic studies, they will be valuable
resources for analyzing extra-domain-specific paracrine effects of
cFN-rich matrices. In addition, the availability of the expression
vectors and recombinant variants described here provides not only a
means of interrogating specific variant functions, but also a stepping
stone for the production and investigation of matrices containing
different ratios of FN variants and thus mimicking the heterogeneous
FN networks observed in vivo.

A key point of our study is the enhanced fibrillar assembly of FN
that contains either one or both extra domains by fibroblasts. This
finding is highly relevant as cFN is a key provisional matrix
component and fibroblasts are the major provisional matrix-
producing cells in both physiological and pathological states, such
as during wound healing, inflammation, fibrosis (reviewed in Yusuf
et al., 2013) and in cancer (reviewed in Alkasalias et al., 2018). Our
data are consistent with data from a previous study demonstrating
that recombinant rat FNs containing EDB, or EDB together with
EDA, were three times more readily incorporated in pre-existing
matrices of NIH 3T3 cells than FN lacking extra domains (Guan
et al., 1990). More recently, antibody-based approaches (Ventura
et al., 2016) and structural analysis of recombinant FN fragments
(Schiefner et al., 2012) have shed light on EDB-dependent
conformational changes in FN that could impact macromolecular
fibril formation. In view of their crystallographic study (Schiefner
et al., 2012) and other published data (reviewed in Mezzenga and
Mitsi, 2019), Schiefner and colleagues proposed that
conformational changes resulting from insertion of EDB stabilize
head-to-tail homo-dimerization of FN molecules leading to the
formation of a quaternary structure that enhances α5β1 integrin
clustering and downstream signaling. Our datawould support such a
mechanism and suggest that, in addition to EDB, the presence of
EDA may enhance FN fibrillogenesis through conformational
changes that affect self-association of the molecule and how it
interacts with the cellular receptors. Indeed, FN conformation
affects its interactions with not only receptors, but also with
proteoglycan co-receptors in the ECM and at the cell surface, which
can, in turn, impact FN assembly. Conformational differences in the
FN variants that affect their intermolecular interactions with other
matrix proteins (collagens, tenascin C, periostin, etc.) or matrix-
associated proteins (LoxL2, transglutaminase or BMP-1) could also
impact the growth of FN fibrils on cell surfaces and the higher order
assembly of the ECM. Finally, extra-domain-specific effects on
intramolecular interactions that affect the solubility of the protein are
likely to affect its deposition (Castelletti et al., 2008).

Our findings that FN variants harboring the extra domains induced
a decrease in intra- and extra-cellular pH inFn1−/−MFs and sustained
cell growth in dense conditions, as compared to plasma-like FN, was
intriguing. The generation of an acidic environment is a common
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feature of rapidly proliferating cells during several physiological
processes (wound healing) and in fibrotic states. Extracellular
acidification, best studied in tumor tissue, occurs through the
reprogramming of energy metabolism in tumor cells. Moreover,
increased glycolysis in the cancer-associated stroma has been
proposed to provide high-energy metabolites to neighboring cancer
cells via what was termed the reverse Warburg effect (Pavlides et al.,
2009; Yoshida, 2015). As fibroblasts are the major matrix-producing
cells of epithelial tumors, and cellular FN is a major matrix
constituent of the carcinoma-associated fibroblast matrisome (Gopal
et al., 2017), it was tempting to speculate that FN could actively
contribute to acidification of the tumor microenvironment by
stimulating Warburg-like glycolytic rates in stromal cells. Although
FN-treatment of MFs led to increased mRNA expression of
glycolytic enzymes and a tendency for increased glucose uptake
and lactate extrusion, we failed to detect significant increases in
anaerobic glycolysis (ECAR) or downregulation of mitochondrial
respiration (OCR) inMFs under standard culture conditions. It will be
interesting to investigate the role of cFN-regulated metabolic
reprogramming of stromal fibroblasts in the tumor setting.
It is well documented that cFN expression and ECM deposition

are intimately linked to TGF-β signaling in fibroblasts. In an in vivo
context, FN containing the EDA domain has been identified as an
important protagonist in the TGF-β-mediated conversion of
precursor cells into myofibroblasts in several fibrotic disorders
(Arslan et al., 2011; Booth et al., 2012; Hirshoren et al., 2013;
Kohan et al., 2011; Muro et al., 2003; Serini et al., 1998; White
et al., 2008). Here, we confirmed that FN B−A+ was able to induce
the expression of TGF-β response genes. However, using our
complete toolset of purified full-length extra-domain-containing FN
variants and FN-deficient fibroblasts, we found that effect was most
pronounced for the other variants. We further showed that this effect
could be attributed to FN-induced activation of latent TGF-β. A
series of elegant studies have demonstrated that latent TGF-β can be
activated by strain generated within the actin–integrin–ECM axis
(reviewed in Kim et al., 2017) and involving FN-bound latent TGF-
β-binding proteins (LTBPs, namely LTBP1 and LTBP3). In our
experimental system, TGF-β signaling peaked at 2 h after presenting
the variants to the Fn1−/− MFs. At this early time point LTBP1 is
not likely to be incorporated into nascent FN fibrils (Dallas et al.,
2005), suggesting that FN-induced activation of latent TGF-β–
TGFβ receptors by fibroblasts could involve a mechanism that
operates in absence of a mature matrix.
The computational tools described here allow robust

classification of variant-specific fibrillar FN networks. To analyze
scale and fiber orientation, we chose to use the Gabor filters over the
curvelet transforms (Grapa et al., 2018; Liu et al., 2017) to eliminate
complications related to translation and rotation. The fiber centers
were identified after establishing the skeletons, and a reconnection
or ‘gap filling’ procedure was implemented to generate a more
faithful representation of the fiber networks. Remarkably, our
findings unequivocally demonstrate that the presence of the extra
domains confers quantitatively tractable topological differences to
each of the four FN variant networks. These results, together with
those of our functional studies, allow us to propose a scenario in
which the presence of one or both extra domains in FN, through
distinct conformational changes, alters intra- and inter-molecular
interactions that differentially initiate and sustain integrin-mediated
signaling events that drive FN fibrillogenesis and a host of cellular
responses. Although the cellular responses observed in MFs were
modest, availability of extra-domain-containing FN should allow
further investigations of the specific effects in other cell types.

With the ultimate goal of developing a generative model of cFN
networks and tools for image-based tumor biomarker analysis, we
chose a scale-space strategy for analysis of fiber geometry. Our graph-
based description of the fibers based on Gabor filters was designed to
compute and extract statistics about network features. The selected
features (fiber orientation, connectivity, thickness, anisotropy and
fiber/pore density) are known to play determinant roles in defining
cell migration modes and invasion strategies during tumor
progression (Kurniawan et al., 2016; Walker et al., 2018; Wolf and
Friedl, 2011), and orienting cell division during tissue expansion and
development (Dekoninck et al., 2020). Alignment of collagen fibers
is a well-established hallmark of tumor-associated stromal matrix and
indicator of poor prognosis (Egeblad et al., 2010; Malik et al., 2015;
Provenzano et al., 2006).We and others have shown that alignment of
FN fibers by cancer-associated fibroblasts (CAFs) promotes
directional migration of cancer cells (Attieh et al., 2017; Erdogan
and Webb, 2017; Gopal et al., 2017). In the present study, no
significant differences in global FN fiber orientation or anisotropy
were detected. This is likely due to the fact that the fibers are
deposited by normal, and not activated fibroblasts (myofibroblasts).
Networks deposited by MFs presented with plasma-like FN B− A−
and B− A+ variants were the most distinguishable. Plasma-like FN
networks displayed the greatest fiber heterogeneity, with a highest
proportion of unbranched fibers and larger and more elongated pores
than the extra domain-containing FN networks. High structural
heterogeneity could explain why plasma-like FN matrices displayed
the widest distribution of AFM measurements. In contrast, networks
of FN containing extra domains, especially FN B− A+, were more
branched and displayed smaller pores. Interestingly, the presence of
EDB resulted in a mixed set of attributes for which further molecular
insights into EDB-specific interactions would be necessary to explain
how this occurs. Future work will extend these computational
analyses of FN networks assembled by fibroblasts in vitro to the
characterization of FN network features in the stroma of human
tumors in which cFN overexpression is an independent unfavorable
prognostic indicator (Gopal et al., 2017). Given the fundamental
importance of cFN-rich matrices in orchestrating matrix organization
and regulating the behavior of numerous cellular effectors in the
tumor microenvironment (reviewed in Efthymiou et al., 2020), the
experimental tools and computational resources described here
should prove valuable for accelerating biologically and clinically
relevant discoveries in this field.

MATERIALS AND METHODS
Materials
Human plasma FN was from BD Biosciences (Bedford, MA, USA). All
other chemicals and reagents were purchased from Sigma-Aldrich (St Louis,
MO, USA) unless otherwise stated.

Cells and culture conditions
Human umbilical vein endothelial cells (HUVECs) were prepared from
fresh human umbilical veins and maintained as previously described
(Radwanska et al., 2017). Fn1 fl/fl mouse kidney fibroblasts (MFs) were
kindly provided byDr Reinhard Fässler [Max Planck Institute, Martinstread,
Germany (Sakai et al., 2001)]. The HEK293FT cell line was from Life
Technologies (Saint Aubin, France). All cells were cultured in Dulbecco’s
modified Eagle’s medium (DMEM) containing L-glutamine (Thermo
Fisher Scientific, Waltham, MA, USA) and 10% fetal calf serum (FCS; 5%
for signaling experiments) (Biowest, Nuaillé, France) in a humidified
incubator at 37°C with 5% CO2. For experiments, FN was depleted from
FCS using gelatin–Sepharose-4B columns (GE Healthcare, Uppsala,
Sweden), and the culture medium was supplemented with 100 U/ml
penicillin-streptomycin. No coating was performed on culture dishes and
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coverslips unless otherwise stated. Absence of Mycoplasma spp.
contamination was routinely verified by PCR as described elsewhere
(Kong et al., 2001).

Antibodies
Primary antibodies are indicated in Table S1. Secondary antibodies coupled
to horseradish peroxidase were from Jackson Immunoresearch Labs (West
Grove, PA, USA). Fluorescently labeled (Alexa Fluor 488, 564, and 647-
conjugated) secondary antibodies were purchased from Thermo Fisher
Scientific.

Lentiviral vector construction and production of lentiviral
particles
Alternatively spliced FN variants (containing EDA and/or EDB, or no extra
domains) with variable region V-89 (also called IIICS) were expressed in the
third generation lentiviral vector 2K7 (Suter et al., 2006) under the elongation
factor 1 alpha promoter (EF-1α) in HEK293 cells and Fn1−/− MFs.

Full-length cellular FN1 cDNA was amplified using primers 5′-
CACCTCTCTCCCCCACCGTCTCAACA-3′ (forward) and 5′-
GATCTTGGCAGAGAGACATGC-3′ (reverse) in a two-step RT-PCR
with total RNA isolated from HUVECs. Next, FN1 cDNAwas cloned with
the pENTR™/D-TOPO® Cloning Kit (Applied Biosystems, Foster City,
CA, USA). EDB or EDA domains were inserted or deleted using site-
directed mutagenesis to obtain four different constructs (pENTR-FN)
corresponding to the following FN variants: FN/EDB− EDA− (FN B−
A−), FN/EDB+ EDA− (FN B+ A−), FN/EDB− EDA+ (FN B− A+), and
FN/EDB+ EDA+ (FN B+ A+). When verified by sequencing, cDNA of
each variant was inserted in the 2K7 lentiviral expression vector by
recombination between appropriate sites in pENTR-EF-1α (L4-R1),
pENTR-FN variant (L1-L2) and 2K7-BSD vector with a blasticidine
resistance gene. Recombination reaction was performed with LR plus
clonase (Applied Biosystems, Foster City, CA, USA).

Lentiviral particles were produced by transfecting HEK293FT cells with
a mixture composed of a 2K7-FN variant construct (6 μg) and the virus
packaging vectors [6.74 µg of p8.92 (VSVG) and 6.74 µg of p8.93 (Gag,
Pol)] using Lipofectamine 2000 (Thermo Fisher Scientific) according to the
manufacturer’s instructions. Virus-containing supernatants were collected
48 h after transfection.

Purification of FN variants
To generate FN-expressing clones for purification of recombinant variants
from conditioned medium, HEK293 cells were transduced with virus-
containing supernatants and selected with 7.5 µg/ml blasticidine (Invivogen,
San Diego, CA, USA). Blasticidine-resistant cells were cloned by limiting
dilution with a flow cytometer (FACSAria, BD Biosciences, San Jose, CA,
USA) and FN-expressing clones were selected for variant purification based
on the level of FN secretion, as assessed by the Human Fibronectin ELISA kit
(Abcam, Cambridge, MA, USA).

FN variant purification was performed as described previously with
modifications (Akiyama, 2013). Briefly, HEK293 cells expressing FN
variants were cultured at confluence in basal culture medium for 2–3 days.
Conditioned medium was subsequently collected and centrifuged in the
presence of 0.2 mM PMSF. Then, 10 ml of gelatin–Sepharose® 4B (GE
Healthcare) was added per 500 ml of supernatant prior to overnight
incubation at 4°C with slight agitation. Eluted FN fractions corresponding to
the highest absorbance (A280) were pooled, and FN was subsequently
dialyzed against CAPS-saline buffer pH 11.0. FN aliquots were flash frozen
and stored at −80°C. The purity and concentration of FN variants were
verified using Coomassie Blue gel staining, silver stain and the Pierce™
BCA Protein Assay Kit (Thermo Fisher Scientific), according to
manufacturer’s instructions. To assess the presence of insoluble
aggregates, glass coverslips were coated with 3 μg/ml of FN variants at
37°C for 1 h then fixed, blocked, and stained for immunofluorescence
analysis with an anti-FN antibody. Detection of TGF-β1 in the purified FN
preparations was performed with the Quantikine® ELISA Human TGF-β1
Immunoassay Kit (R&D Systems, Minneapolis, MN, USA), according to
the manufacturer’s instructions. Low or no expression of other potentially

contaminating factors of the PDGF, FGF, VEGF and TGF-β families
(Martino and Hubbell, 2010) by these cells was verified by using the Human
Protein Atlas database (https://www.proteinatlas.org/humanproteome/cell,
retrieved on November 10, 2020).

Knockout of FN in Fn1 fl/fl mouse fibroblasts and re-expression
of FN variants
Cre recombination was performed by infecting Fn1 fl/fl MFs with a self-
excising Cre retrovirus [pMMP-RV-Cre-GFP (Silver and Livingston,
2001)] and transduced cells were selected with 6.5 μg/ml puromycin.
Clones were obtained by limiting dilution with a flow cytometer and
analyzed for FN expression and gene deletion by immunofluorescence
staining and PCR analysis, respectively.

MFs expressing FN variants, were generated by infection of Fn1−/− clone
D MFs with viral supernatants, as described above. Transduced cells were
selected in the presence of 7.5 µg/ml blasticidine plus 6.5 μg/ml puromycin
and cloned by limiting dilution with a flow cytometer. Stable FN variant-
expressing clones were selected for analysis based on FN expression levels,
as assessed by immunofluorescence staining.

RNA isolation, reverse transcription and qRT-PCR
Cells were lysed with Trizol reagent (Thermo Fisher Scientific) according to
the manufacturer’s instructions. RNA samples were quantified using a
small-volume spectrophotometer (DeNovix DS-11 series, Wilmington, DE,
USA) and 1 μg of RNAwas reverse-transcribed into cDNA using the High-
Capacity cDNA Reverse Transcription Kit (Thermo Fisher Scientific). The
resulting cDNA was diluted tenfold and amplified in a StepOne Plus
thermocycler (Thermo Fisher Scientific) using gene-specific primers and
PowerUp™ SYBR™ Green Master Mix (Thermo Fisher Scientific).
Standard cycling conditions were used. For FN re-expression, results are
represented by the −ΔCt values (Ctgene of interest−Ctnormalizing gene) as arbitrary
units (AU). For FN stimulation experiments, results were analyzed according
to the 2−ΔΔCt method and are expressed as fold change compared to vehicle
control (CTRL). Tbpwas used as the normalizing gene. Primer sequences are
indicated in Table S2.

Western blotting
Whole-cell lysates and conditioned media were collected with 3×Laemmli
buffer (6% SDS, 30% glycerol, 187.5 mM Tris-HCl pH 6.8) under non-
reducing or reducing conditions (5% β-mercaptoethanol), separated by gel
electrophoresis and transferred onto Immobilon P membranes (Millipore,
Bedford, MA, USA). Membranes were blocked with 3% skim milk in TBS
(50 mMTris-HCl pH 7.4, 150 mMNaCl) before protein immunodetection
with the indicated antibodies (Table S1). Protein bands were visualized
with horseradish peroxidase (HRP)-conjugated secondary antibodies
followed by enhanced chemiluminescence (Bio-Rad, Hercules, CA,
USA) in a Fusion Fx7 Advanced system (Vilber Lourmat, Eberhardzell,
Germany).

Immunofluorescence staining and microscopy
For immunofluorescence analyses, cells or decellularized matrices were
fixed in 4% paraformaldehyde with 3% sucrose and permeabilized with
0.2% Triton X-100. The dilutions of the primary and secondary antibodies
are shown in Table S1. Nuclei were detected with Hoechst 33342 (Thermo
Fisher Scientific). After staining, the coverslips were mounted in ProLong®

Gold antifade reagent (Thermo Fisher Scientific). Widefield fluorescence
was observed through 40×/1.3 NA or 63×/1.4 NA oil objectives on a Zeiss
Axiovert 200 M microscope equipped with a CoolSnap HQ CCD. Image
acquisition was performed using the MetaMorph Imaging System. Confocal
imaging was performed on a Zeiss LSM710 confocal system using 10×/0.45
NA and 63×/1.4 NA objectives. Image analysis was performed using Fiji
(Schindelin et al., 2012).

Proliferation rate and cell doubling time
Fn1−/− MFs were plated in triplicate at a density of 2.5×104 cells/well in
24-well plates. Cells were stimulated after 3–4 h with 15 μg/ml of
recombinant FN variants, or vehicle buffer (CAPS-saline). At the
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indicated times, cells were trypsinized, resuspended in culture medium and
counted with a Malassez hemocytometer (Thermo Fisher Scientific). Cell
doubling time was determined during the exponential phase of growth
(between days 2 and 3) in control and variant-treated cells by using the
reverse equation and the ‘Goal-Seek’ function in MS Excel.

Internal pH measurement
Fn1−/− MFs were plated in duplicates in 24-well plates (5×104 cells/well).
Cells were stimulated with 15 μg/ml of recombinant FN variants, or vehicle
buffer (CAPS-saline) for 48 h. Internal pH (pHi) measurement was
performed as described previously (Cophignon et al., 2017). Briefly, cells
were incubated with 1 μM BCECF-AM (Thermo Fisher Scientific) for 1 h,
rinsed with recovery solution (120 mM sodium chloride, 5 mM KCl, 1 mM
MgCl2, 2 mM CaCl2, 5 mM glucose, 15 mM Hepes), and fluorescence
intensity was measured using a multi-well plate spectrophotometer (BioTek
Synergy 4, Winooski, VT, USA). Data were collected with the integrated
software. Recovery solution was removed, and nigericin solutions were
added (140 mM KCl, 1 mM MgCl2, 2 mM CaCl2, 5 mM glucose, 5 μM
nigericin at pH values ranging from 6.5 to 8.0 in the presence of 20 mM
Hepes).

Mitochondrial metabolism and glycolytic measurements
For metabolic analysis, cells were seeded in 24-well plates (Seahorse
Bioscience, Billerica, MA) and stimulated with 15 μg/ml of recombinant FN
variants or vehicle buffer for 48 h. The oxygen consumption rate (OCR) and
extracellular acidification rate (ECAR) were determined using an XF24
Extracellular Flux Analyzer (Seahorse Bioscience) and Seahorse basal
medium supplemented with 2 mM glutamine. Maximal OCR was
determined by using FCCP (1 µM), and rotenone and antimycin-A (2 µM
each) were used to inhibit complex I- and complex III-dependent respiration,
respectively. All parameters were calculated as described previously (Brand
and Nicholls, 2011).

For glucose uptake comparison, Fn1−/− MFs were plated in triplicates in
96-well plates (4×103 cells/well) and stimulated with 15 μg/ml of FN
variants or vehicle buffer for 48 h. Cells were washed with PBS, starved
with glucose-depleted medium for 30 min before adding 200 μM of 2-
NBDG (Thermo Fisher Scientific) for 40 min. Fluorescence intensity was
measured in a microplate reader (BioTek Synergy 4). Results are represented
as fold difference relative to CTRL. Lactate extrusion in the culture medium
of Fn1−/− MFs treated with FN variants for 48 h (same conditions as in
proliferation rate experiments) was analyzed using a Dionex ion
chromatography column (Thermo Fisher Scientific).

Generation of MF-derived matrices
MF-derived matrices were generated as described previously (Kaukonen
et al., 2016). Briefly, coverslips were coated with 0.2% gelatin for 60 min
at 37°C, followed by crosslinking with 1% glutaraldehyde for 30 min at
room temperature. Crosslinker was quenched with 1 M glycine for 20 min
and gelatin-coated coverslips were incubated with medium before seeding
2×105 cells. Ascorbic acid (50 μg/ml) and FN variants (15 μg/ml) were
added the next day. On day 3, mediumwas changed and, on day 7, matrices
were decellularized in 20 mM NH4OH, 0.5% Triton X-100 in PBS
followed by 10 μM DNase I treatment (Roche Diagnostics GmbH,
Penzberg, Germany).

Atomic force microscopy
Decellularized ECM was prepared on 35 mm dishes. Samples were rinsed
and immersed in 3 ml of PBS. The mechanical properties of the samples
were studied as described previously (Andersen et al., 2019) with slight
modifications. Briefly, four areas per sample were analyzed, and 140 force–
distance curves were collected. Deflection sensitivity and spring constant of
the cantilever were determined using a clean glass dish with PBS. Velocity
and trigger threshold were set to 1 μm/s and 2 nN, respectively. The elastic
(Young’s) modulus was calculated as described previously (Andersen et al.,
2019). To eliminate any tilt effect due to the base correction step in the
analysis, only force curves with maximum value equal to 2 nN were used to
perform the fit.

Collagen gel contraction assay
Fn1−/− MFs were embedded (20×104 cells/lattice) in collagen lattices
(1 mg/ml) containing 15 μg/ml of FN variants in duplicates in 12-well
plates. A corresponding volume of NaOH was added to bring the pH of the
mixture back to 7.4 and lattices were left at room temperature for 30 min to
solidify. Medium containing 15 μg/ml of FN variants was added on top of
the lattices, which were subsequently detached from the well walls and
bottom. Gel surface reduction was measured with ImageJ after a 24-h
incubation at 37°C in the presence of 5% CO2.

Computational analysis of matrix topology
Image acquisition for numerical characterization of FN variant fibers
and classification
Confocal images of 3128×3128 pixels with a lateral resolution of 0.27 µm/
pixel were acquired with a Zeiss LSM710 confocal system with a 10×/0.45
NA objective with the pinhole diameter set to its maximal value. For each
FN variant, 70 images corresponding to a representative region of 512×512
pixels were selected for feature extraction and classification. The set of 280
grayscale images was classified with the GoogLeNet (Szegedy et al., 2015)
pretrained Convolutional Neural Net (CNN) architecture using the
MATLAB Deep Learning Toolbox and a 22-layer deep network trained
on more than 1 million images for classification into 1000 object categories.
A set of 196 images was used for the training of the algorithm, and the
remaining 84 for testing it. The training image set was presented to the
algorithm 25 times (epochs) as described previously (Ruder, 2017 preprint),
to improve classification accuracy.

Definition of Gabor kernels
Fibrillar structures were detected and enhanced with Gabor filters (Petkov,
1995), commonly employed in image processing for the detection of
structures with different frequencies, and certain directionalities. A set of
Gabor kernels was defined, characterized by the formula:
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where v=(x, y)t. The exponential term provides the shape of a bivariate
Gaussian kernel, and the cosine function describes its oscillations in space,
while v is the 2D coordinate vector, indicating pixel localization in a
bi-dimensional Cartesian coordinate system.

Fiber detection computation and morphological skeletonization
Fiber orientation was represented by θiwith values within the interval [0, π],
with a stepsize of π/20. The covariance matrix of the bivariate Gaussian
function rotated with θi is related to the anisotropy of the kernel spatial
support and is designated by

P
ui

. Fiber thickness is represented by λj that
corresponds to the wavelength (in pixels) of the cosine term, the values of
which are equal to λj/2 and vary between 3 and 5 pixels. The thinnest fibers
are detected when λj=6 pixels, medium thickness fibers correspond to λj=8
pixels, while the thickest are characterized by λj=10 pixels. For accurate
localization of fibers we used phase, w, set to 0. The pixel intensity of a
detected fiber at a specific location corresponded to the Gabor filter with the
highest coefficient within the Gabor kernel set. The specific parameters of
the best corresponding Gabor kernel for a detected fiber could subsequently
be linked to physical properties, such as fiber thickness and local fiber
orientation.

Morphological skeletons of the detected fibers were computed using
morphological operations provided by the Image Processing Toolbox of
MATLAB 2015a. Fiber skeletons were portrayed as graph-based
representations in which a set of nodes is linked by edges (connecting
segments), using a toolbox (Kollmannsberger et al., 2017) that generates the
network graph of a 3D skeleton voxel, that we adapted to the 2D setting.
Nodes typically represent intersecting fibers or fiber ends, while edges
correspond to the detected fibers connecting the nodes.
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Feature extraction and PCA
Features related to fiber thickness and connectivity were directly computed
using Gabor kernels and graph-specific parameters. More specifically,
connectivity was defined as the proportion of degree 1 nodes (those
corresponding to fiber ends) relative to the nodes with a degree higher than
two (corresponding to branching and intersecting points). Fiber thickness
kurtosis, was determined by the formula:

k ¼ E½ðx� mÞ4�=ðs4Þ; ð2Þ
where μ is the mean value of x, σ is the standard deviation of x, andE[s] is the
expected value of the quantity s. Attributes describing pore regions were
computed using the MATLAB tool Regionprops. Pore dimension was
measured as the total number of pixels within the area delimited by the
skeleton, while pore circularity was determined by the formula:

ð4� Area� pÞ=ðPerimeter2Þ; ð3Þ
the values of which vary between 0 (line-like) and 1 (perfect circle). For
pore size, only pores distributed above the 90th percentile were taken into
account, and the mean was calculated. For PCA visualization, each FN
network sample (image) was represented in a 5-dimensional space defined
by the previously selected features.

Statistical analysis
Values are represented as the mean±s.e.m. when n≥3 and as mean±s.d.
when n=2, where n is the number of independent experiments (specified in
figure legends) unless otherwise stated. Statistical significance was assessed
by two-tailed Student’s t-test using Microsoft Excel for Windows (function
t-test). The Kruskal–Wallis test for non-parametric distributions, followed
by a Dunn’s multiple comparison test was applied for statistical analysis of
AFM using GraphPad Prism v5.03 for Windows. P value is represented by
asterisks (*P≤0.05; **P≤0.01; ***P≤0.001; ****P≤0.0001). Asterisks
above bars represent significance between the respective condition and the
CTRL. Asterisks above horizontal brackets represent the significance
between the conditions at each end of the bracket.
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