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Early wound healing is associated with fibroblasts assembling a provisional fibronectin-rich extracellular matrix
(ECM), which is subsequently remodeled and interlaced by type I collagen. This exposes fibroblasts to
time-variant sets of matrices during different stages of wound healing. Our goal was thus to gain insight into
the ECM-driven functional regulation of human foreskinfibroblasts (HFFs) being either anchored to a fibronectin
(Fn) or to a collagen-decorated matrix, in the absence or presence of cyclic mechanical strain. While the cells
reoriented in response to the onset of uniaxial cyclic strain, cells assembled exogenously added Fn with a
preferential Fn-fiber alignment along their new orientation. Exposure of HFFs to exogenous Fn resulted in an
increase in matrix metalloproteinase (MMP) expression levels, i.e. MMP-15 (RT-qPCR), and MMP-9 activity
(zymography), while subsequent exposure to collagen slightly reducedMMP-15 expression andMMP-9 activity
compared to Fn-exposure alone. Cyclic strain upregulated Fn fibrillogenesis and actin stress fiber formation, but
had comparatively little effect on MMP activity. We thus propose that the appearance of collagen might start to
steer HFFs towards homeostasis, as it decreased both MMP secretion and the tension of Fn matrix fibrils as
assessed by Fluorescence Resonance Energy Transfer. These results suggest that HFFs might have a high ECM
remodeling or repair capacity in contact with Fn alone (early event), which is reduced in the presence of Col1
(later event), thereby down-tuning HFF activity, a processes which would be required in a tissue repair process
to finally reach tissue homeostasis.

© 2014 Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/3.0/).
1. Introduction

Fibroblasts are themost abundant cell type in connective tissues and
are the primary cells that lay down the first provisional ECM that is rich
in fibronectin (Fn) (Clark, 1990; Hynes, 2009; Shaw and Martin, 2009).
During early wound healing, the provisional Fn-rich matrix is
remodeled and later interlaced by type I collagen (Col1) and type III
collagen (Reinke and Sorg, 2012), of which excessive bundling often
leads to problematic fibrosis (Gabbiani, 2003; Shaw and Martin, 2009;
Bryers et al., 2012) and excessive wound contracture (Montesano and
Orci, 1988; da Rocha-Azevedo et al., 2013). Also mechanical forces
acting on cells and tissues affect many physiological processes, from
tissue development such as the assembly and remodeling of extracellular
pen access article under the CC BY-N
matrix (ECM) in connective tissue (Tomasek et al., 2002; Chiquet et al.,
2009; Geiger et al., 2009; Cox and Erler, 2011; Dideriksen et al., 2013)
to repair processes such as wound healing (Kippenberger et al., 2000;
Gabbiani, 2003; Wong et al., 2011) and scar formation (Aarabi et al.,
2007; Gurtner et al, 2008; Wong et al., 2012).

Disentangling the contributions of mechanical forces on cell
functions, from those induced by altered ECM composition versus
altered physical properties, as well as of changes in local MMP
activity remains a challenge, particularly since all of these parame-
ters affect each other and undergo time-dependent changes. This
makes it also difficult to design effective strategies to promote tissue
healing processes aimed at effectively inhibiting fibrotic processes
which often impair organ function or lead to their failure. Guided
by the different time-dependent phases of tissue remodeling seen
in wound sites (Werner and Grose, 2003; Gurtner et al., 2008;
Reinke and Sorg, 2012) and advances made in the fields of matrix
and mechanobiology, the composition of the extracellular matrix,
i.e. Fn-rich in early stages followed by increased collagen content,
C-ND license (http://creativecommons.org/licenses/by-nc-nd/3.0/).
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may direct fibroblasts through the different tissue maturation stages
as Fn is mostly recognized by αVβ3 and α5β1 integrins, while
fibroblasts bind to collagens among others via α2β1 integrins
(Humphries et al., 2006). We thus asked how different ECM
components (Fn and Col1) orchestrate differential MMP-expression
and the time-dependent ECM remodeling by human foreskin
fibroblasts (HFFs).

The focus on Fn is motivated by the fact that Fn is the major
component of early ECM in matrix remodeling by fibroblasts
(Clark, 1990; Mao and Schwarzbauer, 2005; Sottile et al., 2007;
Hynes, 2009; Shaw and Martin, 2009). Fn consists of two almost
identical Fn monomers, each approximately 220–250 kDa in
molecular weight (Pankov and Yamada, 2002). It contains cell
binding sites such as the RGD sequence that is recognized by surface re-
ceptor integrins (Pankov and Yamada, 2002; Mao and Schwarzbauer,
2005; Vogel, 2006; Hynes, 2009). Fn also contains various binding
sites for ECM proteins such as Fn, type I and III collagen (Pankov and
Yamada, 2002; Vogel, 2006). Fn therefore affects cell signaling by
being recognized by the integrins α5β1 and αVβ3, while collagen
associates with the integrins α1β1 and α2β1 (Humphries et al.,
2006). Switching the attachment of cells from Fn to collagens exploiting
different sets of integrins thus provides a means to alter cellular
behavior (Kadler et al., 2008; Kennedy et al., 2008; Soucy and Romer,
2009; Seong et al., 2013).

We therefore hypothesize that the different tissue maturation
stages, characterized by the time-variant changes in ECM composition,
i.e. Fn-rich towards collagen-rich might tune fibroblast behavior and
specifically their ECM repair and remodeling capacity. We looked into
this question by observing HFFs in the presence or absence of uniaxial
cyclic strain, since uniaxial cyclic strain is a known inducer of ECM
remodeling, resulting in fibroblast reorientation (Dartsch et al., 1986;
De et al., 2007; Jungbauer et al., 2008; Faust et al., 2011), cytoskeletal
reorganization (Goldyn et al., 2009; Goldyn et al., 2010; Deibler et al.,
2011), focal adhesion realignment (Carisey et al., 2013) and altered
matrix composition (Gupta and Grande-Allen, 2006; Shelton and
Rada, 2007; Kanazawa et al., 2009; Nguyen et al., 2009; Cha and
Purslow, 2010; Foolen et al., 2012).

Finally, ECM integrity is affected by matrix metalloproteinases
(MMPs) and tissue inhibitors of metalloproteinases (TIMPs) that play
crucial roles during matrix remodeling. By regulating the degradation
of ECM,MMPs and TIMPs have been considered pharmacological agents
to promote healthy tissue remodeling (Lee and Murphy, 2004; Vihinen
et al., 2005; Gill and Parks, 2008; Dufour and Overall, 2013). Several
human MMPs were reported to interact with Fn, namely MMP-2 and
3, MMP-7, MMP-9-12, MMP-14, MMP-16, MMP-24-26 (Overall, 2002;
Klein and Bischoff, 2011) and their activities can be inhibited by four
different TIMPs (Visse and Nagase, 2003). MMP-2 and -9 (gelatinase-
A and –B) are secreted as inactive soluble zymogens, degrade several
ECM substrates such as gelatin, collagen and Fn (Toriseva and Kahari,
2009), and have been shown to be important for connective tissue re-
modeling (Romanic et al., 2002; Hayashidani et al., 2003; Zamilpa
et al., 2010). In addition, MMP-14 and -15 are membrane-anchored en-
dopeptidases activated once inserted into cell membranes (Itoh and
Seiki, 2006; Sohail et al., 2008; Murphy and Nagase, 2011) that can di-
gest ECM molecules that arein proximity to the cell membrane
(Egeblad and Werb, 2002; Lee and Murphy, 2004; Chen and Parks,
2009). But to which extent matrix composition and/or stretch-
regulated matrix conformations might affect differential expression
and secretion ofMMPs remains elusive.We therefore asked how expos-
ing HFFs to exogenous collagen and/or Fn regulates their ECM remodel-
ing capacity and whether this affects their secretion and activity of
MMPs. Our approach was to explore how exposure of HFFs to Col1
and/or human plasma Fn (pFn) under cyclic stretch or rest, affected
the assembly and remodeling of ECM. The cellular capacity to assemble,
degrade and remodel matrix was assessed by confocal microscopy,
MMP activity assays and gene expression analysis.
2. Results

2.1. HFFs assemble Fnmatrix fibrils parallel to their long axis when subject-
ed to uniaxial cyclic strain

HFFs were first grown on silicone sheets under static conditions for
16 hours in serum-free growth medium prior to the onset of cyclic
stretching versus continued static conditions in the presence of
50 μg/mL plasma-Fn (pFn). Since fibroblasts are known to reorient
upon the onset of uniaxial cyclic strain (Dartsch et al., 1986;
Jungbauer et al., 2008), we first monitored how this impacts the process
of de novo Fn fibrillogenesis by HFFs. On pFn coated substrates,
unstretched cells were randomly oriented, whereas after 8 hours of
uniaxial cyclic stretching (10% at 1Hz), the orientation of HFFs
converged to angles close to 60°, i.e. close to the minimum strain direc-
tion (Fig. 1A), as previously observed by others (De et al., 2007;
Jungbauer et al., 2008; Faust et al., 2011). In our casewherewe have ap-
plied 10%uniaxial cyclic strain to the unconfined Fn-coated polydimeth-
ylsiloxane (PDMS) substrate (Poisson’s ratio = 0.5), the minimum
strain direction was ~60° away from the stretching direction as a result
of both stretching in the strain direction and compression perpendicular
to the strain direction. In addition to a change in cellular orientation,
cyclically stretched cells show a more spindle-like morphology (Aspect
RatioStretch = 3.0) compared to unstretched cells (Aspect RatioRest =
1.6) (Fig. 1B). This strain-induced change in cellular morphology thus
confirms previous reports (Deibler et al., 2011; Faust et al., 2011).

To monitor the directionality of assembled Fn fibers by HFFs under
uniaxial cyclic stretching, trace amounts of fluorescently labeled pFn
(50 μg/mL) were added to the culture media at the beginning of each ex-
periment. UnstretchedHFFs assembled Fnmatrix in randomorientations,
whereas cyclically stretched HFFs assembled Fn fibrils mainly parallel to
their long axis. The Fn fibril angle distribution also peaked around 60°
away from the direction of applied strain (Fig. 1C). These results show
that HFFs react to cyclic mechanical stretching by altering not only cell
alignment, but also the orientation of the assembled Fn fibrils.

2.2. Cyclic stretching increased actin stress fiber formation and assembly of
Fn matrix by HFFs

Since Fn fibrillogenesis is induced by translocation ofα5β1 integrins
along actin filaments (Katz et al., 2000; Pankov et al., 2000), the relation
between Fn alignment and F-actin organization under cyclic strain was
then quantified. After firm attachment onto pFn-coated PDMS
substrates in Fn-depleted growth medium, HFFs were subjected to
4 hours of cyclic stretching (10% at 1Hz) and 50 μg/mL pFn was
supplemented during stretching. Increased formation of actin stress
fiber assembly was observed as visualized by antibody staining of
F-actin (Fig. 2A). A strong linear correlation between the alignment of
actin stress fibers and Fn fibers was detected in both unstretched
(rest) samples (R2 = 0.8) and stretched samples (R2 = 0.8) (Fig. 2B).
The strong correlation between F-actin and Fn suggests that the overall
arrangement of Fn fibrils was dominated by the re-aligned actin
network, not only for HFFs cultured at static conditions but also at
uniaxial cyclic strain.

In addition to strain-induced alignment of new matrix fibers, cyclic
stretching significantly increased the amount of Fn assembled from
the growth medium by HFFs (8 hours of uniaxial cyclic stretching,
Fig. 2C). Therefore, cyclic stretching promoted both, the formation of
actin stress fibers and assembly of Fn matrix compared to the
unstretched controls.

2.3. Cells predominantly assemble new Fn matrix aligned to their long axis,
and remodel very little of the existing Fn matrix

Because of the strong correlation between the directionality of
F-actin stress fibers and Fn fibrils, we asked how the HFFs change the



Fig. 1. HFFs assemble Fn matrix fibrils parallel to their long axis when subjected to uniaxial cyclic strain. HFFs were seeded in Fn coated PDMS chambers for 16 hours to ensure firm ad-
hesion to the substrate. HFFs were then either exposed to cyclic stretching (stretch) or cultured at static conditions (rest). A) Under resting conditions, HFFs displayed a random orienta-
tion. Upon uniaxial cyclic stretching of 10% 1Hz for 8 hours, HFFs aligned to ~60°, which represents the minimal substrate deformation direction in this system since stretching over the 0
degree axis is accompanied by compression in the 90 degrees direction. The angle of cell orientation was obtained by fitting an ellipse to the cell. B) After 8 hours of uniaxial cyclic
stretching (10%, 1 Hz), HFFs were more spindle-shaped as can be observed from the probability plot (Aspect RatioStretch = 3.0) compared to unstretched cells (Aspect RatioRest = 1.6).
C) Top picture illustrates the experimental setup for monitoring Fn matrix assembly during cyclic stretching. Namely, pre-labeled Fn (green) was added to the growth media at
50 μg/mL. To visualize HFFs, cell membranes were labeled with a red membrane dye (DiI, Invitrogen, Switzerland) prior to seeding. Under resting conditions, HFFs assembled Fn matrix
with a random orientation, as can be observed from the probability plot. Under uniaxial cyclic stretching, the HFFs also assembled Fn matrix preferentially along ~60°.
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distribution of Fnfiber orientation. To distinguishbetween cyclic-strain-
induced remodeling of old Fnmatrix grown under static conditions and
the assembly of new Fnmatrix, a pulse-chase experimentwas designed
in which HFFs were cultured in the presence of green fluorescently
labeled pFn under static conditions for 24 hours. Subsequently, cells
were cyclically stretched for 8 hours (10% at 1Hz) in the presence of
red fluorescently labeled pFn (Fig. 3A). Images were taken before
(Fig. 3B) and after stretching (Fig. 3C and D). A quantitative analysis of
the angular fiber distribution was performed to detect the orientation
of old and new Fn fibers for all three cases. The analysis revealed that
new fibers (red) compared to old (green) are predominantly aligned
at angles around 60° (Fig. 3E–F, green versus red). As cells reorient in
response to the onset of cyclic strain in the presence of a randomly
aligned Fn-network, they hardly remodel the pre-existing matrix.
Instead, they leave the old matrix and assemble new ECM with a
different Fn fiber orientation.

To gain insight into why cells leave the pre-existing (old) matrix in
response to the onset of cyclic strain, concentrations of secreted MMPs
were measured in the growth media under stretching versus resting
conditions. However, cyclic stretching did not result in major upregula-
tion of solubleMMP activity asmeasured by a genericMMP-assay in the
absence (Fn-) or presence (Fn+) of pFn (Fig. 3G). However, in the
presence of pFn, a major increase of MMP secretion was observed
(Fig. 3G). To get more insights into the type of MMPs responsible for
these differences, the activity of secreted MMP-2 and MMP-9
(gelatinases) in the growth medium were analyzed by gelatin
zymography. Most interestingly, stretching did not affect gelatinase
activity, while the exposure to pFn increased MMP activity significantly
(Fig. 3H). Therefore, MMP secretion and activity is not significantly
upregulated by cyclic strain, but increases upon exposure to pFn.

2.4.Monomeric Type 1 collagen (Col1) added to themediumdown-regulates
MMP secretion by cyclically stretched HFFs

Since cells in vivo can only assemble collagen matrices in the
presence of Fn (Kadler et al., 2008), and since the appearance of collagen
in ECM typically changes several parameters at the same time, i.e. the
ratio of ECM constituents, as well as the density/architecture/rigidity
of the ECM, the ECM composition cannot be tuned easilywithout tuning
all of these other parameters. To ask how the exposure to collagen
affects MMP secretion by HFFs, we first allowed the cells to assemble a
Fn matrix for 24 hours, and subsequently cultured the cells in medium
that contained both pFn (50 μg/mL) and soluble monomeric rat-tail
Col1 (5 μg/mL) for an additional 8 hours. Most interestingly, MMP
secretionwas down-regulatedwhen cells were exposed to exogenously
added Col1. HFFs secreted almost 3-fold more soluble MMPs when ex-
posed to pFn (Fig. 4A), while Col1 in addition to pFn reduced the high
pFn-inducedMMP-levels (Fig. 4A, 2-fold increase compared to control).

To identify candidates of soluble MMPs that account for this
observation, the activity of MMP-2 and MMP-9 (gelatinases) on the



Fig. 2. Cyclic stretching increased actin stress fiber formation and assembly of Fnmatrix by HFFs. A) HFFs were seeded onto Fn coated PDMS substrates (25 μg/mL Fn at 37 °C for 3 hours)
for 16 hours. Then cells were stretched for 4 hours at 10% 1Hz, while being exposed to fluorescently labeled Fn (green). Phalloidin staining of F-actin reveals that uniaxial cyclic stretching
promoted actin stressfiber formation inHFFs. B)With orwithout stretching, the orientation of actin stress fibers inHFFs and Fn fibrils deposited by HFFswere closely associatedwith each
other (R2 = 0.8 for rest, R2 = 0.8 for stretch). C) HFFs, labeled in red, were cyclically stretched for 4 and 8 hours. Compared to HFFs cultured at rest, cyclically stretched HFFs deposited
significantly more Fn matrix within 8 hours (p b 0.05, Student's t-test).
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protein level was quantified by using gelatin zymography. The activity
of MMP-9 was significantly increased by introducing Col1 and/or pFn
to the culturing medium, whereas the level of MMP-2 was unaffected
(Fig. 4B). However, MMP-9 activity in Fn-rich matrix was superior to
that in the presence of monomeric Col1 (Fig. 4B). Taken together with
the generic MMP and zymography measurements, HFFs have a higher
capacity to degrade ECM than in the presence of monomeric Col1.

The generic MMP assay and gelatin zymography only measure the
MMPs in supernatant and can therefore not assess the activity of
membrane-anchored MT-MMPs. Therefore, gene expression levels of
MT-MMPs and of TIMPs, as well as of the matrix proteins, i.e. Fn and
of collagens, were assessed using Reverse Transcription-quantitative
Polymerase Chain Reaction (RT-qPCR). In general, changes in
expression levels were rather small upon uniaxial cyclic stretching.
Nevertheless, addition of pFn slightly upregulated Fn and MMP-15
(transmembrane type I MMP) expression and slightly downregulated
collagen expression (Fig. 4C) by HFFs. Exposure of HFFs to collagen in
addition to plasma Fn appeared to abolish these effects (Fig. 4C).

2.5. Monomeric Col1 binds to Fn fibers and reduces HFF-induced Fn fiber
tension

Since the addition of Col1 to cultures significantly reduced MMP
secretion by HFFs (Fig. 4), we next asked how the presence of Col1
potentially impacts ECM signaling. Pre-labeled green pFn and red Col1
were added to static HFF cultures for 24 hours, after which
co-localization was visualized by confocal microscopy. Increasing
concentrations of monomeric Col1 (1, 5 and 10 μg/mL, Fig. 5A-C, D-F
and G-I, respectively) increased the amount of Col1 co-localization
with Fn fibers (Fig. 5C, F, I). Knowing that the mechanical strain of Fn
fibers regulates the exposure of its binding sites (Zhong et al., 1998;
Vogel, 2006; Little et al., 2009; Chabria et al., 2010; Lemmon et al.,
2011), we also added trace amounts of FRET-labeled pFn as mechanical
strain sensors (Baneyx et al., 2001; Smith et al., 2007; Little et al., 2008;
Kubow et al., 2009) to probe the change in matrix conformation upon
Col1 binding to the Fn ECM fibrils. FRET-labeled pFn was added to static
HFF cultures for 24 hours in the absence or presence of Col1 (1, 5 or
10 μg/mL). Increasing concentrations of collagen increased the FRET
intensity ratios, indicating that Fn was less stretched if the fibers
where decorated with Col1 (Fig. 6A). Overlaid Fn FRET histograms and
box plots showed that Col1-enriched ECM had higher Fn acceptor/
donor intensity ratios with values above 0.70 compared to the control
sample of 0.66 (Fig. 6B).

3. Discussion

Given the sparse information on how time-dependent alterations of
early ECM during wound healing affect the activity of fibroblasts, we
asked how matrix composition affects MMP production and matrix
remodeling by HFFs that were either cultured under static conditions
or subjected to uniaxial cyclic strain. HFFs responded to cyclic strain
by re-aligning to the minimum strain direction, reinforcing their actin
cytoskeleton, and assembling new Fn fibrils along their long axis
(Figs. 1 and 2). Strikingly, MMP gene expression and activity were

image of Fig.�2


Fig. 3.Upon the onset of uniaxial cyclic stretch, HFFs predominantly assemble new Fnmatrix aligned to their long axis, withminor remodeling of the oldmatrix. A) HFFs were plated onto
Fn-coated PDMS substrates and were allowed to assemble matrix for 24 hours (50 μg/mL fluorescently labeled Fn (green) was added to the growth medium). Subsequently, HFFs were
exposed to uniaxial cyclic strain at 10% 1 Hz for 8 hours, with fresh growth media containing fluorescently labeled Fn (red). B–F) Without stretching, ECM was assembled by HFFs with
random Fn fiber orientation. After HFFs were stretched for 8 hours, the Fn fiber orientation showed slight preference towards angles around 60–90 degrees. HFFs preferred assembled Fn
matrix along ~60° under uniaxial cyclic strain.Merged image of Fnmatrix assembled before and during stretching showed that HFFs deposited newmatrix preferentially along ~60° under
uniaxial cyclic stretching. G) In the absence of exogenously added pFn, stretching slightly increased (non-significant) solubleMMP secretion. Exogenously added pFn (50 μg/mL) resulted
in an increase in solubleMMP secretion, however equally for the resting and stretched cells. H) 8 hours of uniaxial cyclic stretching at 10% 1Hz did not affect the secretion ofMMP-2 and -9
by HFFs. Contrary, adding exogenous Fn significantly increased the secretion of MMP-9.
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highly dependent on cellular exposure to pFn in the medium, but far
less to applied cyclic strain (Fig. 3). Exogenously added Col1 bound to
existing Fn matrix fibrils (Fig. 5) and reduced the levels of secreted
MMPs compared to Fn matrix (Fig. 4). Finally, collagen-decoration of
Fn-fibers coincided with a more relaxed conformation of Fn (Fig. 6).

Whereas the formation and orientation of new Fn fibrils along the
long axis of HFFs is in agreement with previous findings for Fn (Antia
et al., 2008) or collagen assembly (Birk and Trelstad, 1984; Trelstad
and Birk, 1985; Birk and Trelstad, 1986), our pulse-chase experiments
showed that cells preferentially aligned newECMfibrils and left existing
matrix unaltered (Fig. 3). The HFFs thereby up-regulated Fn gene
expression and assembly, which is in agreement with earlier studies in
which an elevated Fn expression was found in response to mechanical
loading in various types of fibroblasts (Howard et al., 1998; Fluck et al.,
2003; Garvin et al., 2003; He et al., 2004). During this early stage, Col1
and Col3 expression was slightly decreased when cyclically stretched
HFFs were exposed to exogenous Fn. At first glance, this seems to be in
contrast to the general behavior that collagen levels are increased when
cells are subjected to cyclic strain (Curwin et al., 1988; Parsons et al.,
1999; Kim et al., 2002; Wang and Sanders, 2003; Yang et al., 2004).
However, no Fn was supplemented via the medium in these previous
studies. When exogenous Col1 was added, we observed that Col3
expression was slightly upregulated, while Col1 expression returned to
control levels and Fn expression remained higher (Fig. 4C). Taken
together, cyclically stretchedHFFs appear to increase the gene expression
of Fn during the build-up phase in which they assemble a provisional Fn
matrix.

Compared to the observed tendency of upregulated MMP levels in
response to cyclic strain, which is in agreement with previous findings
(Prajapati et al., 2000), exposure of HFFs to exogenously added pFn in
the medium had a far greater effect, specifically on MMP-9 activity
(Fig. 4). It is particularly interesting to note that the membrane-bound
MMP-15 is slightly up-regulated under conditions where we see that
the HFFs, in response to the onset of cyclic strain, started to assemble
a new ECM with a distinctly different fiber orientation.

Addition of Col1 to the medium, while keeping the high Fn
concentrations, decreased MMP secretion by HFFs (Fig. 4). Increased
MMP activity promoted local matrix degradation which might be

image of Fig.�3


Fig. 4.Addition ofmonomeric collagen (Col1) in addition to Fn via growthmedium, reducedMMP secretion by cyclically stretchedHFFs. A)After 8 hours of uniaxial cyclic stretching at 10%
1Hz,HFFs secreted almost 3-foldmore solubleMMPswhenHFFswere exposed to 50 μg/mL Fn via the growthmedium. The addition of Col1 and Fn via themedium resulted only in a 2-fold
increase in soluble MMPs (# and § represent a significant difference with all other groups, p b 0.05, ANOVA). B) The increase in soluble MMP secretion due to Fn and Col1 addition was
mainly contributed by MMP-9 not MMP-2. Again, MMP-9 secreted by HFFs as measured by gelatin zymography was lower for Col1 decorated Fn-matrix than Fn matrix alone (# and §
represent a significant difference with all other groups, p b 0.05, ANOVA). C) At cyclic stretching conditions, gene expression of type I and III collagen was decreased by ~20% upon Fn
matrix assembly, while Fn expression was increased by ~30%. The expression of MMP-15 was up-regulated by ~40%, whereas gene expression of HFFs in the presence of Col1 did not
show any significant change compared to cells growing in normal growth media. * represent significant differences, p b 0.05, ANOVA.
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particularly important in early stages of ECM repair in wound sites. But
once tissue matures to include Col1, the cellular need for MMPs to re-
model ECM might decrease. This hypothesis is supported by the speci-
ficity of MMP-15 for Fn, laminin and tenascin-C but for none of the
collagens (d'Ortho et al., 1997). However, unlike cells in 3D collagen lat-
tices (Haas et al., 1998; Ruangpanit et al., 2001; Wilkinson et al., 2012),
we did not see significant up-regulation ofMMP-14 expressionwith the
increase of exogenously added Col1. We expect this discrepancy to
originate from the different model systems used (including 2D vs 3D
and associated differences in fiber diameter, rigidity and density),
since in all our experiments, cells maintained their typical ‘2D’
morphology.

How the presence of Col1 in early ECM in addition to Fn reduced
MMP activity is unknown, but our data suggest a potentially synergetic
mechanism. First, collagen monomers are known to bind to Fn-fibrils
via Fn’s gelatin binding site, and the appearance of collagens in ECM
may allow cells to switch from the Fn binding integrins, particularly
α5β1, to collagen binding integrins, i.e. α2β1 to anchor themselves in
their ECM environments. This can alter associated downstream
signaling pathways, thereby impacting cellular mechanosensing. For
example, recent findings suggested that FAK activation on Fn-coated
hydrogels was tension-dependent whereas activation on Col1 was
tension-independent (Seong et al., 2013). Second, the incorporation of
Col1 into Fn matrix also led to a more relaxed conformation of Fn in
ECM, whereby it should be noted that FRET-Fn serves as a molecular
strain and not a force probe. Relaxing the strain of fibrillar Fn in the
presence of Col1 might tune how Fn fibrils act as mechano-tunable
scaffolds, either by binding or by releasing growth factors and cytokines
from its binding sites that are located onmechanoresponsive Fn repeats
(Vogel, 2006; Hynes, 2009).

Could our reductionist approach perhaps suggest regulatory
mechanisms of relevance to wound healing processes? While each
wound healingmodel, from scratch assays to mouse knock-out models,
puts the spotlight on one or another singular aspect, thereby neglecting
many other co-regulatory stimuli, we looked into the question how
HFFs are regulated by alterations of the dominant components of early
ECM, i.e. Fn versus collagen-enriched ECM. Fn is the first provisional
matrix actively assembled by fibroblasts at the site of injury (Clark,
1990; Shaw and Martin, 2009) and we find here that Fn ECM assembly
is stimulated by the presence of high Fn concentrations in the medium.
To reach tissue homeostastis though, fibroblasts ultimately need get
tuned down. Our data suggest that the presence of Col1 in ECM might
serve as such an extrinsic checkpoint signal as it decreased their MMP
activity and the tension of Fn matrix fibrils.

4. Experimental procedures

4.1. Cell culture

Primary normal human dermal fibroblast, more commonly known
as human foreskin fibroblasts (HFF; C-12300, Promocell, Germany)
were maintained at 37 °C with 5% CO2 in fibroblast growth medium

image of Fig.�4


Fig. 5.Monomeric Col1 added to the medium binds to Fn ECM fibrils. HFFs were supplemented with 50 μg/mL pre-labeled Fn (green) for 30 minutes before adding 1, 5 or 10 μg/mL pre-
labeled Type I collagen (Col1, depicted in red). Cells were allowed to assemblematrix for 24 hours before fixation. A-C) HFFs incorporated exogenous Fn (50 μg/mL) andmonomeric Col1
(1 μg/mL) to assemble ECM. Cells assembled soluble Fn into fibrillar Fnmatrix. Col1 co-localizedwith Fn fibrils. D-F, G-I) Col1 colocalization with Fn-fibrils increased with increasing Col1
concentrations in the medium (5 μg/mL and 10 μg/mL).
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(C-23010, Promocell, Germany). This fibroblast growth medium does
not contain serum but recombinant human fibroblast growth factor at
1 ng/ml and insulin at 5 μg/ml for a more consistent cell proliferation
rate and better morphological maintenance. When HFFs reached
70–90% confluency, they were trypsinized by 0.05% trypsin-EDTA
(25300–054, Invitrogen, Switzerland) and passaged at least once before
being deployed in experiments. All experiments with HFF were carried
out with cells below passage 10 to eliminate the appearance of
myofibroblast phenotype at higher passage numbers.

4.2. Isolation of plasma fibronectin

Human plasma fibronectin (pFn) was isolated by gelatin affinity
chromatography using a protocol adapted from a published method
(Speziale et al., 2008). Briefly, frozen human plasma (Universitäts Spital
Zurich, Switzerland) was thawed at 37 °C and protease inhibitor 2 mM
PMSF (78830, Sigma-Aldrich, Switzerland) and 2 mM EDTA (ED-100G,
Sigma-Aldrich, Switzerland) were added to prevent protein degrada-
tion. Plasma was centrifuged at 10,000 rpm for 20 min at 4 °C to
eliminate debris and precipitation. Then, the plasma was passed
through a column containing Sepharose 4B beads (4B200-500ML,
Sigma-Aldrich, Switzerland) and subsequently a column containing
2 mM EDTA activated gelatin Sepharose 4B beads (45000170, Fisher
Scientific, Switzerland). After binding, the gelatin column was washed
with 500 mL 1 M NaCl (S9888, Sigma-Aldrich, Switzerland), 500 mL
Phosphate buffer saline (PBS) (P4417, Sigma-Aldrich, Switzerland)
pH7.4 containing 2 mM PMSF and 2 mM EDTA, and 500 mL 1 M urea.
Gelatinases were eluded by washing the column with 500 mL 3%
DMSO (Pal et al., 2010), and pFn was eluted with 3 M urea and stored
at −80 °C. Before adding pFn to cell culture, pFn was dialyzed in PBS
pH7.4 by using the 10 kDa molecular weight cut-off dialysis cassette
(66380, Thermo Scientific, U.S.A.) to eliminate the urea and small Fn
fragments.

4.3. Labeling of plasma fibronectin and collagen

Labeling of pFn was done following previous procedures (Smith
et al., 2007). Briefly, for pFn (single or FRET) labeling, green fluorescent
dye Alexa fluor 488 (A-20100, Invitrogen, Switzerland) and far-red
fluorescent dye Alexa fluor 633 (A20105, Invitrogen, Switzerland)
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Fig. 6. Addition of monomeric Col1 decreased HFF-induced Fn fiber stretching. HFFs were seeded in Fn-depleted growth medium for 30 min before adding FRET-labeled Fn (Fn-DA). To
prevent intermolecular FRET, 5 μg/mL Fn-DA was mixed with 45 μg/mL unlabeled Fn. For control samples, HFFs were supplemented with 5 μg/mL Fn-DA and 45 μg/mL unlabeled Fn. For
Col1 samples, an additional 1, 5 or 10 μg/mL Col1 was added. Live images of matrix conformation were acquired after 24 hours of matrix assembly. A) Representative image of HFFs
incorporating Fn-DA into Fn-rich and Col1-decoratedmatrix. Heatmap images of the intensity ratio of acceptor and donor indicates the degree of unfolding, showing that Fnmatrix fibrils
were less unfolded oncemonomeric Col1was added to the growthmedia compared to the control sample. B) Overlaid pixel-by-pixel FRET histograms of the images shown in (A) and box
plots show that Col1-decorated matrices peaked at higher acceptor/donor intensity ratios (i.e. 0.7 versus 0.66). Denaturing of FRET-labeled Fn in solution by GdnHCl (as indicated in the
gray bar), or the stretching of Fn ECM fibrils by cells, increases the overall distances of our multiple donors and acceptors per Fn-dimer (see method section for labeling protocol), thus
reducing FRET. Box plots contain individual data points (filled circles) which represent the average FRET intensity ratio per measured image, or IA/ID. Boxplots further consist of the
mean of the complete dataset (square), median (line), 25 and 75% (box), standard deviations (whiskers). # represents a significant difference with all other groups (p b 0.05, ANOVA).

69Y. Zhang et al. / Matrix Biology 40 (2014) 62–72
were bound using NHS chemistry. Briefly, pFn was first dialyzed in 2 L
labeling buffer consisting 0.1 M sodium bicarbonate (S5761,
Sigma-Aldrich, Switzerland) PBS pH8.5 for 1.5 hours and then further
dialyzed in 1 L fresh labeling buffer for 1.5 hours, both at room
temperature. After dialysis, Fn concentration was determined by
measuring the absorbance at 280 nm (NanoDrop 2000, Thermo
Scientific, U.S.A.). Then 20 fold molar excess of Alexa fluor 488 or 633
carboxylic acid, succinimidyl ester was added. Because pFn is sensitive
to mechanical stress, mixing was done by gently inverting the tubes.
Themixture was then incubated in the dark for 1 hour at room temper-
ature. Finally, labeled pFn was separated from free dyes by passing
through the PD-10 desalting column (17-0851-01, GE Healthcare,
U.K.). Labeled pFn was stored at−80 °C.

For the FRET studies, pFn was dual labeled with donors and
acceptors. Given the large size of Fn exceeding 100 nm, multiple donors
and acceptors per dimer were used to increase the range of conforma-
tional changes that can be detected by FRET even though this prevents
us from calculating distances from FRET efficiencies. Alexa Fluor 488
fluorophores (FRET donors) were randomly bound to amines via
succinimidyl ester chemistry and Alexa Fluor 546 fluorophores (FRET
acceptors) were specifically targeted to the cryptic cysteins on the Fn
type III modules FnIII7 and FnIII15 via maleimide chemistry (Molecular
Probes), as previously described (Baneyx et al., 2002; Smith et al.,
2007; Little et al., 2008; Kubow et al., 2009; Legant et al., 2012). The
donor/acceptor labeling ratio of this Fn-DAwas determined bymeasur-
ing the absorbance of at 280, 498 and 556 nm.We obtained on average,
7 donors and 3.8 acceptors per pFn dimer. This Fn-DAwas stored in PBS
at −80 °C and used immediately upon thawing on ice. For consistent
FRET results, FRET-labeled pFn from the same batch was used for all
experiments shown here, and we quantified the intensity ratios of the
acceptor versus donor emissions for FRET-labeled pFn either in physio-
logical buffer, and upon denaturation with GndHCl, or after incorpora-
tion by cells into their ECM.

Collagen I (Col1) monomer from rat tail (BD Biosciences,
Switzerland) was kept in 0.5 M acetic acid at 4 °C till usage. The mono-
mer solution was dialyzed in borate buffer saline (pH8.2) overnight for
pH adjustment. Concentration of dialyzed Col1 was determined by
using BCA protein assay (Thermo Scientific, Switzerland). Then, 20-
fold molar excess Alexa Fluoro 633 (Invitrogen, Switzerland) was
added to the dialyzed Col1 and incubated at room temperature in the
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dark for 1 hour. To separate labeled Col1 from free dyes in solution, the
mixture was dialyzed in 0.1 N acerbic acid for 4 days at 4 °C in the dark.

4.4. Preparation of the PDMS chambers for stretch assays

Polydimethylsiloxane (PDMS) chambers were made by mixing the
elastomer and curing agent at 10:1 (w/w) ratio (SYLGARD® 184
silicone elastomer kit, Dow Corning, U.S.A.). The mixture was degassed
for 1 hour, and injected into custommademolds. The PDMSwas baked
at 80 °C for 4 hours to ensure complete crosslinking. After baking, the
chambers were rigorously rinsed with 70% ethanol and Nanopure
water (D11031, Thermo Scientific, U.S.A.) and sterilized by autoclaving
at 121 °C for 20 minutes. Because PDMS surfaces are hydrophobic,
25 μg/ml pFn was used to coat the chambers to enable cell adhesion.
Chambers were coated at 37 °C for 3 hours and washed gently with
PBS to eliminate loosely bound pFn. HFFs were seeded at 5,000 cells/
cm2 for immunofluorescence experiments and 10,000 cells/cm2 for
MMP experiments in DMEM supplemented with 1% (v/v) Fn-depleted
FBS and 1% (v/v) penicillin streptomycin (P/S) (15140–122, Invitrogen,
Switzerland). HFFs were allowed to adhere and spread overnight. To
visualize the deposition of Fn matrix before and during mechanical
stretching, 50 μg/ml labeled pFn was added to the medium. HFFs were
cyclically stretched at 1Hz to a maximum strain of 10% for 8 hours
(37 °C, 5% CO2) using the stretcher STREX ST-140 (B- Bridge Interna-
tional, U.S.A) which applies sinusoidal uniaxial strain to the PDMS
chambers. The STREX ST-140 was purchased with a validated set of
sinusoidal strain profiles. Two chamber sizes were used, the 4 cm2

(2 cm × 2 cm) chambers for microscopy imaging, and the 10 cm2

(3.33 cm × 3.33 cm) for biochemical assays (containing enough cells
to perform these assay). In addition, STREX holds multiple chambers
(5 × 10 cm2 chambers, 6 × 4 cm2 chambers), allowing parallel
conditions within one set of experiments.

4.5. Microscopy and quantitative image analysis

Fluorescent samples were imaged with a Leica SP5 confocal
microscopy system using a 20×/0.7 N.A. air objective or 63×/1.4 N.A.
oil objective. Detectors accepted wavelengths of 498-530 nm,
570-630 nm and 643-800 nm for the different probes. For Z-stack,
samples were imaged at every 300 nm from top to bottom. Maximal
projection imaging was employed to visualize overall staining using
ImageJ (National Institute of Health).

Quantitative image analysis was performed using ImageJ and
custom-written software in MATLAB (MathWorks) or Mathematica
(Wolfram Research). Cell orientation and elongation was analyzed by
thresholding DiI fluorescent images, followed by conversion to a binary
mask, and approximation of the cell outline by fitting an ellipse. The
aspect ratio was defined as the ratio between major to minor axis. Cell
orientation was defined as the orientation of the major axis relative to
the external direction of uniaxial strain. For analyzing the orientation
of actin or Fn fibers, fluorescent phalloidin/Fn grayscale images were
pre-processed by normalizing their values between 0 and 1 and
padding them into all directions by 2 rows/columns. Filter kernels
were constructed based on normalized 5×5 Sobel kernels in x direction
(Sx) and y direction (Sy). Three filtered images were created by
convolution of the rescaled image with the 2nd derivative kernels
Sx*Sx, Sy*Sy, and Sx*Sy. Local orientation was computed for each pixel
in the image by taking the arcus tangens of the following combination:

α ¼ 1=2 � arctan −2I Sx � Sy½ �= I Sx � Sx½ �−I Sy � Sy½ �ð Þð Þ

resulting in angles between 0° and 180°. For restricting the orientation
analysis to fibers, masks were generated by applying a 3x3 Laplace filter
to the grayscale fiber images, automatically thresholding the filtered
images by the method of Otsu, and binarizing the result. For non-zero
pixels in the masks, the angles in the corresponding orientation image
were pooled. For Figs. 1B and 3F, pixel angles larger than 90° were
folded back onto the range from 0° to 90° by setting the angle to 180°
minus α, pixel values from several cells were pooled and depicted as
histograms. For Fig. 2B, all angles from pixels in fibers in/around a single
cell were pooled into a histogram that then was fitted by a normal
distribution to determine the principal orientation. Orientations were
projected onto the range from 0° to 90°, and pairs of average actin/Fn
angles for the individual cells were depicted as points in the scatter
plots.

All Fluorescent Resonance Energy Transfer (FRET) images were
acquired from living cell samples. Images were acquired with an
Olympus FV1000 confocal microscopy using a 40×/1.25 N.A. water
immersion objective. Acceptor and donor intensities were quantified
using 12-nm bandwidths across the donor (514–526 nm) and acceptor
(566–578 nm) emission peaks, as previously described (Smith et al.,
2007). Multiple regions of interest (ROIs) were acquired from each
sample. In each region, FRET images were acquired throughout the
entire Z-stack with a slice-to-slice distance of 1 μm. Images were
processed with self-written Matlab codes, as previously described
(Smith et al., 2007).

4.6. Generic MMP activity measurements and zymography

The activity of soluble MMPs was measured by the generic MMP
assay (SensoLyte, ANASPEC, U.S.A.). Gelatin and casein zymography
was performed according to the protocol published by Hu and Beeton
(Hu and Beeton, 2010). Briefly, culture medium of each sample was
obtained, centrifuged at 2000 rpm, 4 °C for 10 minutes to eliminate
debris. Supernatant was then collected for gelatin or casein
zymography. Samples were mixed with Tris-Glycine SDS sample buffer
(LC2676, Invitrogen, Switzerland) on ice and loaded to 10% Tris-Glycine
gel with 0.1% gelatin (EC6175BOX, Invitrogen, Switzerland). Gels were
run in the Tris-Glycine SDS running buffer (LC2675, Invitrogen,
Switzerland) using XCell SurelockMini-Cell system (EI0001, Invitrogen,
Switzerland) at constant voltage of 125 V for 90 minutes. After gel
electrophoresis, gels were exposed to 100 mL renaturing buffer
(LC2670, Invitrogen, Switzerland) with gentle agitation at room
temperature for 30 minutes, followed by overnight incubation at
37 °C in the development buffer. Gels were carefully rinsed with deion-
izedwater three times and scanned to record the positions of molecular
standard bands before SimplyBlue staining (LC6060, Invitrogen,
Switzerland). Intensity of the bands was analyzed using ImageJ.

4.7. Reverse transcription-quantitative polymerase chain reaction
(RT-qPCR)

After mechanical stretching, cell pellets were immediately washed,
collected and stored at −80 °C. Cells were lysed, shredded by
QIAshredder (79656, Qiagen, Switzerland) and RNA was isolated by
the RNeasy procedure (74104, Qiagen, Switzerland). RNA quality was
assessed by measuring the absorbance of each sample at wavelength
of 230 nm, 260 nm and 280 nm, and only samples with 260/280 and
260/230 values between 1.9-2.1 were used for cDNA synthesis. RNA
was reverse-transcribed with iScript™ Advanced cDNA Synthesis
Kit for RT-qPCR (170–8842, Bio-rad, U.S.A.). cDNA, primers and
SsoAdvanced™ SYBR® Green Supermix (172–5261, Bio-rad, U.S.A.)
were mixed and genes were amplified on CFX Connect™ Real-Time
System (185–5200, Bio-rad, U.S.A.). Primer sequences used for the
experiments are listed in the table below (table 1), and synthesized by
Microsynth (Microsynth, Switzerland).
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Table 1
Used primer sequences.

Accession No. Sequence (5'-3')

GAPDH Forward J02642.1 GCGGGGCTCTCCAGAACATCAT
GAPDH Reverse GACGCCTGCTTCACCACCTTCTT
COL1A1 Forward NM_000088.3 CATGACCGAGACGTGTGGAAACC
COL1A1 Reverse CATGACCGAGACGTGTGGAAACC
COL3A1, F NM_000090.3 GGATCAGGCCAGTGGAAATGTAAAGA
COL3A1, R CTTGCGTGTTCGATATTCAAAGACTGTT
FN Forward NM_002026.2 TCTCCTGCCTGGTACAGAATATGTAGTGAG
FN Reverse GGTCGCAGCAACAACTTCCAGGT
MMP14 Forward NM_004995.2 CCCAGCCCACCCATTGAAGTCT
MMP14 Reverse CCCGACATCCCTCTCCTCTTGC
MMP15 Forward NM_002428.2 CGACTGGGGCAGGGTGTTTAGA
MMP15 Reverse GACAGTCTCCAACTGGGCAAAGAGAG
TIMP1 Forward NM_003254.2 TGGAAAACTGCAGGATGGACTCTTG
TIMP1 Reverse CAGGGGATGGATAAACAGGGAAACA
TIMP2 Forward NM_003255.4 GGCAAGATGCACATCACCCTCTGT
TIMP2 Reverse GTTCTTCTCTGTGACCCAGTCCATCC
TIMP3 Forward NM_000362.4 CTAGACTGGTGAATTGGGGGAAATAGAA
TIMP3 Reverse GCAGGACTTGGGGTGAAGTAAATGG
MMP2, Forward NM_004530.4 CCTCCCGGTGCCCAAGAATAGA
MMP2, Reverse GGCTCTGAGGGTTGGTGGGATT
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