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Background: Cell behavior is affected by changes in extracellular matrix stiffness during disease progression.
Results: Fibronectinmatrix assembly is inhibited on soft substrates but can be restored bymanipulating cell-fibronectin binding
or by partially unfolding substrate fibronectin.
Conclusion:Onsoft substrates, cells are deficient in integrin-fibronectin bond strength and therefore cannot induce fibronectin
conformational changes required for assembly.
Significance: Rigidity-dependent changes in fibronectin conformation provide a novel mechanism for mechanotransduction.

Cells sense and respond to the mechanical properties of their
microenvironment. We investigated whether these properties
affect the ability of cells to assemble a fibrillar fibronectin (FN)
matrix. Analysis of matrix assembled by cells grown on
FN-coated polyacrylamide gels of varying stiffnesses showed
that rigid substrates stimulate FN matrix assembly and activa-
tion of focal adhesion kinase (FAK) compared with the level of
assembly and FAK signaling on softer substrates. Stimulating
integrins withMn2� treatment increased FN assembly on softer
gels, suggesting that integrin binding is deficient on soft sub-
strates. Guanidine hydrochloride-induced extension of the sub-
strate-bound FN rescued assembly on soft substrates to a degree
similar to that of Mn2� treatment and increased activation of
FAKalongwith the initiation of assembly at FNmatrix assembly
sites. In contrast, increasing actin-mediated cell contractility
did not rescue FN matrix assembly on soft substrates. Thus,
rigidity-dependent FNmatrix assembly is determined by extra-
cellular events, namely the engagement of FN by cells and the
induction of FN conformational changes. Extensibility of FN in
response to substrate stiffness may serve as a mechanosensing
mechanism whereby cells use pericellular FN to probe the stiff-
ness of their environment.

The extracellularmatrix (ECM)2 is a network of proteins that
encompasses cells within a tissue and provides themwith infor-
mation about their environment (1). It has long been known
that themolecular composition of the pericellular environment
regulates cell behaviors, but the mechanical properties also
mediate cell responses. Cells sense and respond to differences
in substrate rigidity, which has been shown to influence behav-
iors such as growth (2), morphology (3, 4), migration (4, 5), and

differentiation (6–8), although details of themechanochemical
mechanisms have not been fully elucidated.
Inmulticellular organisms, cells functionwithin dynamic tis-

sues whose mechanical properties can change during develop-
ment (9) or with the progression of diseases, including cancer
(10), fibrosis (11), and atherosclerosis (12). Diseases often result
in the stiffening of tissuewith tumor formation and tissue fibro-
sis markedly increasing tissue stiffness. For example, healthy
adipose tissue ranges from 0.2 to 2 kPa, but as a breast tumor
develops, the surrounding tissues increase in stiffness to 4–12
kPa (10, 13, 14). An increase in tissue stiffness can also correlate
with the degree of disease progression. For example, Yin et al.
(11) reported a correlation between the stiffness of liver tissue
and the progression of fibrosis, startingwithmeasurements of 2
kPa for normal liver up to 12 kPa for the most advanced stages
of fibrosis.
Diseases that lead to an increase in tissue stiffness are often

also characterized by an increase in the deposition of ECMpro-
teins. The protein fibronectin (FN) is amajor component of the
ECM, and an excessive and disordered FN matrix is present in
fibrotic diseases (15) and hypertrophic scars (16). FN matrix
assembly is mediated by integrin receptors and regulated by
intracellular signals, cytoskeletal organization, and availability
of FN (17). In an early study, Halliday and Tomasek (18)
reported that cells form an FN matrix on tensioned collagen
gels attached to plastic but not on relaxed, free floating gels,
indicating an effect of substrate mechanical properties on FN
matrix assembly. However, little is known about how the
mechanical properties of the pericellular environment affect
FN matrix assembly and what mechanisms are involved.
Substrate stiffness could affect FNmatrix assembly at differ-

ent points during the cell-mediated process. Assembly begins
when FN dimers bind to �5�1 integrin receptors on the cell
surface (17, 19). The cytoplasmic domains of the integrins asso-
ciate with the cytoskeleton, enabling cells to transmit force to
the extracellular environment. FN-integrin binding leads to an
increase in contractility that allows cells to stretch their FN
ligands from a compact to an extended form, unmasking cryp-
tic FN-binding sites along the length of the molecule. Exposure
of these FN-binding sites promotes intermolecular interactions
and formation of fibrils that are initially soluble in the detergent
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deoxycholate (DOC) but are gradually and irreversibly con-
verted into a stable, DOC-insoluble form that comprises the
mature ECM. Whether cells increase FN fibril formation in
response to sensing a rigid pericellular environment is an
important question especially because FN assembly precedes
and often seeds assembly of other ECM proteins such as colla-
gen (20).
In the present study, we used polyacrylamide gels of different

stiffnesses to determine the effects of substrate rigidity on fibro-
blast assembly of FN matrix. Measurements of DOC-insoluble
matrix and analyses of fibril formationwere used to identify the
steps of assembly that vary with gel stiffness. We observed that
FNmatrix assembly is up-regulated on rigid substrates and pro-
pose that this is primarily due to a deficiency in cell-mediated
FN conformational changes on softer substrates. These find-
ings establish an extracellular mechanism for stiffness-depen-
dent regulation of FN matrix assembly.

EXPERIMENTAL PROCEDURES

Cell Culture, Fibronectin, and Antibodies—NIH 3T3 fibro-
blasts were cultured in DMEM and 10% bovine calf serum
(Hyclone). Plasma FNwas purified from fresh frozen rat plasma
or spent human plasma by gelatin-Sepharose affinity chroma-
tography (21). The recombinant 70-kDa fragment of FN was
generated using the baculovirus insect cell expression system
(22). Fibronectin and 70-kDa were biotinylated with sulfo-
NHS-biotin (N-hydroxy sulfosuccinimidyl biotin) according to
themanufacturer’s instructions (Pierce). The following anti-FN
antibodies were used in this study: rat-specific anti-FN mono-
clonal antibody IC3 (23) and polyclonal antiserumR457 against
the N-terminal 70-kDa fragment of rat FN (22). Anti-GAPDH
(14C10) antibody was purchased from Cell Signaling Technol-
ogy. Antibodies against mouse collagen type I and total focal
adhesion kinase (FAK) were purchased from Millipore. Alexa
Fluor 488-conjugated goat anti-mouse IgG, Alexa Fluor 488-
conjugated streptavidin, and anti-FAK (Tyr(P)-397) phospho-
specific antibody were purchased from Invitrogen.
Preparation of Polyacrylamide Substrates—Polyacrylamide

substrates were made as described previously (4, 24). Briefly,
polyacrylamide gels were polymerized on 12-mm aminosil-
anized glass coverslips. Tomodulate the stiffness of the gels, the
acrylamide (GE Healthcare) to cross-linker N,N�-methylene
bisacrylamide (GE Healthcare) ratios were varied as described
inMoshayedi et al. (24) for 0.3-, 31-, and 90-kPa gels as follows:
5%/0.07% for soft (0.9 kPa/1.6 kPa), 7.5%/0.06% for intermedi-
ate (3.6 kPa/4.4 kPa), and 7.5%/0.2% for rigid (9.4 kPa/7.6 kPa).
Human plasma fibronectin in 50 mM EPPS, pH 8.5, 150 mM

NaCl (Sigma-Aldrich) was covalently attached to the gel sur-
faces using a photoactivated bifunctional cross-linker, sulfo-
SANPAH (N-sulfosuccinimidyl-6-(4�-azido-2�-nitrophenyl-
amino)hexanoate; Pierce) (25). In some gel preparations, FN
was pretreated with guanidine hydrochloride (GdnHCl) prior
to cross-linking to the gel surface. FN was diluted into a solu-
tion of 1 M GdnHCl in 50 mM EPPS, pH 8.5, 150 mM NaCl and
then cross-linked to the gels as above.
Rheometry Measurements—Rheological measurements of

the gels were performed on a Physica MCR 501 rheometer
(Anton Paar, Austria). Measurements were done with a parallel

plate (10mm) at 25 °C in an environmental chamber to keep the
gels hydrated. The complex shear modulus was determined
using an oscillatory shear strain (0.01–0.1% strain, 0.75 Hz),
and the values were adjusted to account for sample thickness.
The Young’s modulus (E) was calculated from the measured
storagemodulus (G�) using E� 2G�(1� v) assuming that Pois-
son’s ratio of polyacrylamide is 0.48 (Table 1) (26).
Immunofluorescence of Matrix and Matrix Assembly Sites—

For analysis of matrix, cells were plated onto FN-conjugated
polyacrylamide gels in a 24-well dish at a density of 4 � 105
cells/well in completemedium. Inmost experiments, cells were
allowed to attach and spread for 2 h after which 10 �g/ml rat
plasma FN was added to the culture medium. 10 �M lysophos-
phatidic acid (LPA), 5 nM calyculin A, or 1 mM MnCl2 was also
added at this time. After an additional 4 or 10 h, cells were
washed, fixed with 4% paraformaldehyde, and stained with
either IC3 rat-specific anti-FN ascites at 1:1000 dilution, R457
anti-FN antiserum at 1:100 dilution, or IC3 plus anti-collagen I
antibody at 1:40 dilution in 2% ovalbumin in PBS followed by
secondary antibodies. Matrix was visualized using a Nikon
Eclipse Ti microscope equipped with a Hamamatsu ORCA R2
camera. Images were acquired and normalized using iVision
software (BioVision Technologies). Exposures that capture
matrix fibrils do not detect diffuse background staining of FN
that is cross-linked to the gel surface. Fields were randomly
chosen using DAPI staining to visualize cell nuclei. A similar
procedure was used for analysis of matrix assembly sites except
cells were plated at 5 � 104 cells/well, and after 2 h, 20 �g/ml
biotinylated 70-kDa plus 10 �g/ml rat plasma FN were added.
Bound 70-kDawas detected after fixationwithAlexa Fluor 488-
streptavidin (Invitrogen) used at 1 �g/ml. Images of bound
70-kDa were normalized using iVision software, and average
intensities per pixel for matrix assembly sites were measured
using ImageJ. Cells were outlined, and the area and average
intensity per pixel were measured. Only cells within the area
range of 450 square pixels (the smallest cell on substrates cross-
linked with GdnHCl-treated FN) to 1412 square pixels (the
largest cell on substrates with untreated FN) were used.
DOC Lysis and Immunoblotting—Cells were plated onto

polyacrylamide gels as described for matrix immunofluores-
cence. Matrix was solubilized using 200 �l of DOC lysis buffer
(2% DOC, 20 mM Tris-HCl, pH 8.8, 2 mM EDTA, protease
inhibitor mixture (Roche Applied Science) (23). After centrifu-
gation, the DOC-insoluble pellet was solubilized in 60 �l of 1%
SDS, 20mMTris-HCl, pH 8.8, 2mMEDTA, protease inhibitors.
Total protein concentrations were determined for the DOC-
soluble samples using a BCA assay (Pierce), and equal amounts
of total DOC-soluble protein or the equivalent proportions of
DOC-insoluble samples were analyzed by SDS-PAGE using 5%
polyacrylamide gels and Precision Plus Protein Standards (Bio-
Rad). Samples were immunoblotted with IC3 ascites diluted
1:10,000. DOC-soluble samples were immunoblotted in paral-
lel with antibodies against GAPDH to ensure equal sample
loading. Immunoblots were developed with SuperSignal West
Pico chemiluminescent substrate (Pierce). Band intensities
were measured with Quantity One software (Bio-Rad). Each
blot was exposed for at least three different times, and the band
intensities were quantified from the exposures that yielded sig-
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nals within the linear range. Quantities for each bandwere nor-
malized to GAPDH and then to either the 12-h soft band inten-
sity or the 6-h rigid untreated band intensity before being
averaged over multiple experiments. For FAK analysis, cells
were lysed after 2 h with modified radioimmunoprecipitation
assay lysis buffer (50 mM HEPES, pH 7.5, 1.5 mM MgCl2, 1%
Triton X-100, 150 mM NaCl, 0.1% SDS, 1% DOC, 1 mM EGTA,
1 mM Na3VO4, 10 mM Na4P2O7, protease inhibitor mixture).
Whole cell lysates were analyzed as above except that 10% poly-
acrylamide gels were used, and samples were immunoblotted
with either anti-FAK (total) or anti-FAK (Tyr(P)-397) antibody
diluted 1:1000.

RESULTS

Preparation and Characterization of Polyacrylamide Gels—
To study the effect of substrate stiffness on FNmatrix assembly,
we measured assembly on polyacrylamide gel substrates of
varying stiffnesses. Polyacrylamide gels were prepared accord-
ing to the procedure of Moshayedi et al. (24) using recipes for
gels with Young’s moduli (E) of 0.3, 0.9, 3.6, 9.4, 31, and 90 kPa.
The Young’s moduli for our preparations of the 0.9-, 3.6-, and
9.4-kPa gels calculated from rheological measurements were
1.6, 4.3, and 7.4 kPa, respectively (Table 1). Using an ELISA to
detect biotinylated FN cross-linked to gel surfaces, we found
that higher levels of FN were cross-linked to stiffer substrates.
Therefore, FN concentrations used for cross-linking were
adjusted to yield equal amounts of surface-bound FN on all gel
stiffnesses (data not shown). Detection of FN matrix by immu-
nofluorescence showed equivalent amounts of matrix on 9.4-
kPa and stiffer gels and essentially no matrix on the softest
0.3-kPa gel (Fig. 1A). Gels preparedwith recipes for 0.9, 3.6, and
9.4 kPa elicited different responses in matrix assembly and
coincide with stiffnesses of healthy or diseased tissues, so these
three stiffnesses were used for subsequent experiments. Here-
after, these substrates will be referred to as soft (E � 1.6 kPa),
intermediate (E� 4.3 kPa), and rigid (E� 7.4 kPa) based on the
rheological measurements in Table 1.
Fibronectin Matrix Assembly Is Increased on Stiffer Sub-

strates—During FN matrix assembly, cells transform FN
dimers into linear and branched arrangements of fibrils that are
gradually and irreversibly converted into a mature DOC-insol-
uble form (27) through formation of strong protein-protein
interactions (17, 28, 29). To determine whether substrate stiff-
ness affects cell-mediated assembly of FN into a matrix, we
monitored formation of FN matrix on soft, intermediate, and
rigid substrates. NIH 3T3 cells were plated at a density that was
sufficient to support matrix assembly; cells formedmonolayers
with similar cell shapes and levels of confluence on all three

TABLE 1
Young’s moduli of polyacrylamide gels
The storage moduli (G�) were measured for three polyacrylamide gel substrates
using rheology, and the averages of at least two tests on separate gels are shown. The
average storagemoduli (G� in pascals (Pa)) were used to calculate the corresponding
Young’s moduli (E in kPa). Values are the mean � S.E. for at least two experiments.

Gel G� E

Pa kPa
Soft 544 � 17 1.6 � 0.1
Intermediate 1464 � 216 4.3 � 0.6
Rigid 2511 � 128 7.4 � 0.4

FIGURE 1. FN matrix assembly is up-regulated on the rigid substrate.
A, NIH 3T3 cells were plated on substrates ranging between 0.3 and 90 kPa,
and at 6 h, NIH 3T3-derived FN matrix was detected by staining with anti-FN
antiserum. Predicted stiffness values from Moshayedi et al. (24) are in paren-
theses; measured kPa values are in bold. Scale bar, 50 �m. B, NIH 3T3 cells were
plated on soft, intermediate, or rigid substrates (1.6, 4.3, or 7.4 kPa, respec-
tively) and after 6 or 12 h were fixed and stained with anti-FN antiserum to
detect NIH 3T3-derived FN matrix. Scale bar, 25 �m. C, NIH 3T3 cells were
allowed to spread on gels for 2 h; then rat plasma FN was added to the culture
medium at 10 �g/ml; and after an additional 4 or 10 h, cells were fixed and
stained with a rat-specific anti-FN antibody (IC3). Scale bar, 25 �m. D, NIH 3T3
cells were treated as in B and then fixed and stained with both anti-collagen I
antibody and anti-FN IC3 antibody. Scale bar, 25 �m.
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substrates. After 6 and 12 h, assembledmatrix was examined by
immunofluorescence of matrix fibrils and by quantification of
stable DOC-insoluble matrix. More FN matrix fibrils were
assembled on the rigid substrate (Fig. 1B, right) than on soft or
intermediate substrates (Fig. 1B, left and center) at both time
points. Cells on intermediate substrates also havemore fibrils at
12 h than cells on the soft substrate (Fig. 1B). These results show
that cells assemble FN matrix relative to the stiffness of their
substrate.
Substrate stiffness might affect gene expression or protein

secretion (30), which could contribute to differences in assem-
bly; therefore, FN levels in the medium were normalized by
addition of exogenous rat FN at 10 �g/ml. Assembly was ana-
lyzed at 6 and 12 h after plating. Exogenous FN in the matrix
was detected with a rat FN-specific monoclonal antibody (Fig.
1C) and showed the same correlation between amount of
matrix and substrate rigidity as observed for 3T3 cell-derived
FN in Fig. 1B. On the rigid substrate, cells incorporated a higher
level of rat FN, and fibrils between adjacent cells appear longer
and denser than cells on soft and intermediate substrates at
both time points (Fig. 1C). Cells on the intermediate substrate
(Fig. 1C, center) also had more fibrils than cells on the soft
substrate (Fig. 1C, left). In fact, very little staining is visible on
the soft substrate at either time point (Fig. 1C, left). Immuno-
fluorescence of total (3T3 plus exogenous rat) FNdetectedwith
a polyclonal anti-FN antiserum exhibited the same trend (data
not shown). These results demonstrate that more FN matrix is
assembled on stiffer substrates than on softer substrates. This
progression is detected regardless of the source of FN or the
presence or absence of exogenous FN. Thus, FNmatrix assem-
bly is enhanced by increasing rigidity of the substrate.
Type I collagen fibrils do not form in the absence of an FN

matrix (20, 31, 32), and FN is believed to serve as a scaffold for
collagen fibril formation (33). As shown in Fig. 1D, the level of
deposition of type I collagen byNIH 3T3 cells correspondswith
the amount of FNmatrix and increases with substrate stiffness.
Note the co-alignment of collagen and FN fibrils. Similar
increases in collagen fibrils with stiffness were observed when
cultures were stained with anti-type I collagen antibodies only
(data not shown). Thus, as with FN assembly, collagen deposi-
tion is also enhanced on a rigid substrate. Stiffness-dependent
FN matrix assembly may influence collagen deposition in vivo.

The amount of stable DOC-insoluble FNmatrix was used to
compare assembly on different stiffnesses. DOC-insoluble FN
matrix was detectable in immunoblots of lysates from cells on
the rigid substrate at 6 h and was significantly higher at 12 h
(Fig. 2A).NoFNwas detected fromcells on the soft gel, and very
little was seen in lysates from cells on the intermediate stiffness
at 6 h, although DOC-insoluble exogenous FN matrix was
detected on the soft and intermediate substrates at 12 h (Fig.
2A). These results show that increased substrate rigidity up-
regulates the assembly of stable FN matrix. DOC-soluble FN
was present on all substrates at both time points, indicating that
although cells are able to bind to FN, conversion of bound FN to
DOC-insoluble fibrils is enhanced by substrate stiffness. Anal-
yses of total FN in the DOC-insoluble material yielded similar
results (data not shown).

DOC-insoluble FN band intensities from 12-h cell lysates
were quantified as described under “Experimental Procedures.”
Average -fold differences in Fig. 2B show that the level ofmatrix
assembly on the rigid substrate is about 5-fold higher than
matrix on soft and intermediate substrates. Cells on the soft and
intermediate substrates assembled similar amounts of FN
matrix at 12 h as determined by quantification of rat FNmatrix
(Fig. 2B) and total FN (not shown). Essentially no DOC-insolu-
ble material was detected on the soft substrate, and the level on
the intermediate substrate was very low. These low levels pre-
cluded determination of band intensities at the 6-h time
point. These results show that substrate stiffness affects cell-
mediated FN matrix assembly with rigid substrates enhancing
assembly and softer substrates limiting the amount of FN
matrix assembled.
To determine whether substrate stiffness inhibits or delays

FN matrix assembly, we analyzed the kinetics of assembly by
measuring DOC-insoluble FN over time. As before, after 12 h,
more DOC-insoluble FN was present on the rigid substrate
than on softer substrates (Fig. 2C). DOC-insoluble FN on the
intermediate and rigid substrates appeared equivalent at 24 h.
However, cells on the soft substrate required at least 36 h to

FIGURE 2. Analysis of DOC-insoluble FN matrix. A, NIH 3T3 cells were
allowed to spread on gels for 2 h, then rat plasma FN was added at 10 �g/ml,
and cells were lysed in DOC buffer 6 and 12 h after plating. Rat FN in DOC-
soluble (sol) and DOC-insoluble (insol) fractions was detected with IC3 mono-
clonal antibody. The 6- and 12-h blots are matched ECL exposures except for
DOC-insoluble FN for which the 6-h samples were exposed for 60 s and the
12-h samples were exposed for 45 s to prevent overexposure. B, quantifica-
tion of rat FN in DOC-insoluble matrix at 12 h. The band intensities were
measured in the linear range, normalized to GAPDH, and then normalized to
the 12-h soft sample (mean � S.E. (error bars), n � 3). C, NIH 3T3 cell were
treated as in A, but cells were lysed 12, 24, and 36 h after plating. DOC-insol-
uble rat FN was detected with IC3 antibody. In A and C, molecular mass mark-
ers of 250 kDa for FN blots and 37 kDa for GAPDH blots are indicated by
dashes. interm, intermediate.
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accumulate DOC-insoluble FN at levels approaching those of
cells on the rigid substrate. Thus, softer substrates cause a sig-
nificant delay in cell-mediated FNmatrix assembly, and the rate
of assembly increases with stiffness.
Increased Cell Contractility Does Not Rescue FN Matrix

Assembly on Soft Substrates—To investigate the mechanism
responsible for the stimulation of FN matrix assembly on the
rigid substrate, we first focused on cell contractility. FN matrix
assembly requires an intact actin cytoskeleton (34–36), and
stimulation of actin-mediated cell contractility by treatment
with the phospholipid LPA, which activates Rho GTPase (37),
increases FN matrix assembly by confluent cells on rigid glass
or plastic substrates (38). Inhibition of cell contractility reduces
FN fibril formation and FN binding to cell monolayers (35). To
determine the potential involvement of cell contractility in
stiffness-dependent FNmatrix assembly, we examinedwhether
stimulating contractilitywith LPAcould induce cells on the soft
substrate to assemblematrix at levels similar to those of cells on
the rigid substrate. Cells plated on soft, intermediate, and rigid
substrates were allowed to spread for 2 h before the addition of
exogenous FN and 10 �M LPA. Six hours after plating, the cells
were either fixed and stained for exogenous FNor lysed inDOC
buffer for analysis of DOC-insoluble matrix by immunoblot-
ting. Addition of LPA led to a noticeable increase in fibrils on
the rigid substrate but had little if any effect on the amount of
fibrils on the soft and intermediate substrates (Fig. 3A). Similar
results were obtained when cells were treated with calyculin A,
an inhibitor of myosin light chain phosphatase that also
increases cell contractility (Fig. 3B).
Analysis of DOC-insoluble FN confirmed the immunofluo-

rescence results. Although the amount of FN in the DOC-in-
soluble material was increased on the rigid substrates with LPA
or calyculin A treatment, no DOC-insoluble FN was detected
on the soft or intermediate substrates regardless of treatment
(Fig. 3C). Quantification of the relative amounts of DOC-insol-
uble FN revealed that cells on the rigid substrate showed on
average a 3.5- and a 6.7-fold increase in DOC-insoluble FN
matrix with LPA and calyculin A, respectively. These results
show that stimulation of cell contractility with either of these
two treatments is effective at increasing FNmatrix on the rigid
substrate. In contrast, modulation of Rho GTPase or myosin
light chain phosphatase activity did not stimulate FN matrix
assembly on a soft substrate to the levels observed on a rigid
substrate. Taken together, these results indicate that the differ-
ence in FN matrix assembly between the soft and rigid sub-
strates is not due to a deficit in cell contractility on soft
substrate.
Integrin Stimulation Rescues FN Matrix Assembly on Soft

Substrates—Cells assemble FN matrix primarily through the
use of �5�1 integrin receptors (17). No change in �5 integrin
mRNA expression was observed on our substrates (data not
shown), leading us to focus on differences in integrin-FN inter-
actions. The strength of integrin binding can bemanipulated by
activating the integrins with divalent cations such as Mn2� to
increase ligand binding (39–41). FN-�5�1 integrin binding
depends on both the RGD cell-binding domain in module III10
and the synergy site in III9 (Fig. 4A) (42, 43). Friedland et al. (44)
discovered that tensioned FN-integrin bonds require the syn-

ergy site, and the number of strong FN-�5�1 bonds correlates
with the stiffness of the substrate. The strength of integrin bind-
ing to FN contributes to matrix assembly (17) because recom-
binant FN with a mutation at the synergy site is not assembled
into matrix unless �5�1 is stimulated by treatment with
Mn2� (45). Based on this evidence, we tested how modulating
integrin-FN binding affects matrix assembly by activating
integrins with Mn2� treatment. Addition of Mn2� signifi-
cantly increased the amount of FN matrix on all substrates as
detected by immunostaining (Fig. 4B). Mn2� treatment led to a
noticeable increase in the apparent number and length of
fibrils.
Treatment with Mn2� also significantly increased the

amounts of DOC-insoluble FN. No DOC-insoluble FN was
detected on untreated soft or intermediate substrates, but
Mn2� treatment resulted in obvious bands similar in intensity
to the signal on an untreated rigid substrate (Fig. 4C). In addi-
tion, the amount of DOC-insoluble FN on the rigid substrate
became significantly higher with Mn2� treatment. Quantifica-
tion of band intensities shows that withMn2� treatment DOC-
insoluble FN increased on soft and intermediate substrates
from undetectable levels to levels similar to those of untreated
cells on the rigid substrate (0.7- and 0.9-fold, respectively) (Fig.
4D). Mn2� treatment also led to a greater than 2-fold increase
in DOC-insoluble FN on rigid substrates (Fig. 4D). Therefore,

FIGURE 3. LPA and calyculin A do not increase FN matrix assembly on soft
substrates. A, NIH 3T3 cells were allowed to spread on gels for 2 h at which
time rat FN at 10 �g/ml and 10 �M LPA were added. At 6 h after plating, cells
were fixed and stained for rat FN using IC3 antibody. Scale bar, 50 �m. B, cells
were plated as in A, but 5 nM calyculin A (Caly A) was added instead of LPA.
Scale bar, 50 �m. C, cells treated as in A or B were lysed after 6 h, and DOC-
insoluble FN was analyzed by immunoblotting with IC3 antibody. Molecular
mass markers of 250 kDa for FN blots and 37 kDa for GAPDH blots are indi-
cated by dashes. interm, intermediate.

Substrate Stiffness Regulates Fibronectin Matrix Assembly

MAY 24, 2013 • VOLUME 288 • NUMBER 21 JOURNAL OF BIOLOGICAL CHEMISTRY 14809

 at Princeton U
niversity L

ibrary on Septem
ber 25, 2020

http://w
w

w
.jbc.org/

D
ow

nloaded from
 

http://www.jbc.org/


integrin stimulation increases FN matrix assembly on all sub-
strates, including softer ones, suggesting that in a soft environ-
ment integrin activity and the strength of FN-integrin binding
are affected such that less matrix is assembled.
Extension of Substrate FN StimulatesMatrix Assembly on the

Soft Substrate—FN in solution is in a compact conformation
that is maintained by intramolecular interactions (46–48).
Integrin binding to this FN promotes conformational changes
that extend FN dimers and expose new FN-binding sites that
participate in fibril formation (17). In fact, FNmolecules within
fibrils have been shown to exhibit varying degrees of extension
(49, 50). Additionally, FRET studies suggest that FN is more
extended in fibrils assembled on a rigid substrate than on a soft
substrate (51). We tested the hypothesis that substrate rigidity

affects the ability of cells to induce FN conformational changes
that support fibril assembly. To do this, we compared FN
matrix assembly on polyacrylamide gels coated either with
untreated FN (in the compact conformation) or with FN that
had been partially extended by treatment with GdnHCl. It is
well established that 1 M GdnHCl opens the FN dimer by dis-
rupting intramolecular interactions that maintain its compact
conformation (50, 52, 53). In the presence of GdnHCl, partially
unfolded FN dimers should have more sites available for con-
tact with the polyacrylamide gel, and cross-linking will then
maintain an extended conformation in the surface-bound FN.
Conformational differences in FN with and without treatment
either cross-linked to soft gels or absorbed onto a glass cover-
slip where FN is known to assume an extended conformation
(54) were confirmed by an ELISA with MAB1890 (data not
shown); no differences in binding of a control antibody (5E6)
were detected.
Untreated FN and GdnHCl-treated FN were cross-linked to

soft, intermediate, and rigid polyacrylamide gels, and NIH 3T3
cells on these substrates were then compared for the ability to
assemble an FN matrix. FN fibrils were noticeably increased
and appeared longer and denser on all substrateswithGdnHCl-
treated FN compared with untreated FN substrates (Fig. 5A).
Providing cellswith an extended formof FNappears to enhance
their ability to assemble FN into fibrils even on the soft
substrate.
DOC-insoluble matrix was also significantly increased on

GdnHCl-FN substrates (Fig. 5B). As in previous experiments,
no DOC-insoluble FN was detected on soft and intermediate
substrates. However, on soft and intermediate gels with
GdnHCl-treated FN, DOC-insoluble FN was detected, and
DOC-insoluble FN was visibly increased on the rigid substrate
(Fig. 5B). Quantification of band intensities showed that DOC-
insoluble FN on the soft and intermediate substrates with

FIGURE 4. Mn2� treatment increases FN matrix assembly on soft sub-
strates. A, the domain structure of an FN subunit is shown. Cell-binding mod-
ules containing synergy (in III9) and RGD (in III10) sites and the N-terminal 70
kDa fragment used to identify matrix assembly sites are labeled and under-
lined. FN-binding sites are indicated by overbars. B and C, NIH 3T3 cells were
allowed to spread on gels for 2 h at which time 10 �g/ml rat FN and 1 mM

MnCl2 were added. Cells were fixed or lysed after 6 h. B, cells were fixed and
stained for rat FN. Scale bar, 25 �m. C, cells were lysed, and DOC-insoluble FN
was analyzed by immunoblotting with IC3 antibody. Molecular mass markers
of 250 kDa for FN blots and 37 kDa for GAPDH blots are indicated by dashes.
D, band intensities from immunoblots of DOC-insoluble FN were quantified
with and without Mn2� or GdnHCl treatment. The band intensities were nor-
malized to the signal for the untreated rigid sample. Values are the mean �
S.E. (error bars) for at least two experiments. interm, intermediate.

FIGURE 5. Guanidine HCl treatment of substrate FN rescues FN matrix
assembly. A, NIH 3T3 cells were plated on untreated or GdnHCl-treated FN
gel substrates and allowed to spread for 2 h before the addition of 10 �g/ml
rat FN. Cells were fixed and stained for rat FN after 6 h. Scale bar, 25 �m.
B, DOC-insoluble rat FN was detected by immunoblotting of cell lysates
treated as in A. Molecular mass markers of 250 kDa for FN blots and 37 kDa for
GAPDH blots are indicated by dashes. interm, intermediate.
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GdnHCl-FNwas similar toDOC-insoluble FNon the rigid sub-
strate with untreated FN (0.8- and 1.3-fold, respectively) (Fig.
4D). Matrix on the rigid substrate with GdnHCl-FN was also
significantly higher than that from cells on the untreated rigid
substrate (3.2-fold). These results show that FN matrix assem-
bly is affected by the conformation of the FN to which cells
attach regardless of substrate stiffness. Increases observed with
chemical extension of FN are similar to those obtained by treat-
ing cells withMn2�, suggesting that the effects of integrin stim-
ulation are due to an increased ability of cells to extend sub-
strate FN.
Formation of FN Matrix Assembly Sites and Integrin Signal-

ing Are Affected by Stiffness—The correspondence in effects of
Mn2� and GdnHCl-FN treatments suggests that assembly
steps that rely on integrin-dependent conformational changes
in FN occur inefficiently on the soft substrate. FN fibril forma-
tion is initiated through intermolecular binding mediated by
the N-terminal domain of FN. These early fibrils are formed at
sites of cell contact with substrate FN termed FNmatrix assem-
bly sites (27, 55). If extending the conformation of substrate FN
rescues FN matrix assembly on softer substrates by exposing
FN-binding sites, then its effects should be detected in the ear-
liest stages of assembly when FN fibrils are just beginning to
form. The presence of FNmatrix assembly sites can be detected
by their associationwith the 70-kDaN-terminal fragment of FN
(Fig. 4A) (56, 57). NIH 3T3 cells were plated on soft substrates
cross-linked with either untreated FN or GdnHCl-treated FN,
and theywere allowed to spread for 2 h before the addition of 20
�g/ml biotinylated 70-kDa and 10 �g/ml exogenous rat FN.
Cells were fixed 30 min later, and biotinylated 70-kDa was
detected with fluorescently labeled streptavidin. Images of cell-
bound biotinylated 70-kDa revealed punctate staining primar-
ily near the peripheries of cells on untreated FN, whereas
assembly sites that formed on GdnHCl-treated FN were larger
andwere found under the cell bodies aswell as at cell edges (Fig.
6A). Assembly sites were quantified from the images of cells on
soft substrates with GdnHCl-treated or untreated FN. The
average intensity per cell area was measured for each cell,
revealing that the overall intensity of matrix assembly sites
formed by cells on GdnHCl-treated FN substrates was almost
2-fold that of assembly sites on cells plated on untreated FN
substrates (Fig. 6B). These results demonstrate that the initial
steps of FN matrix assembly on a soft substrate are influenced
by the conformation of the substrate FN and that FN matrix
assembly can be up-regulated on the soft substrate by manipu-
lating the conformation of the FN cross-linked to it.
FN binding to �5�1 integrin initiates intracellular signaling

through activation of FAK (58). FAK is a critical regulator of FN
matrix assembly as FAK-null cells do not assemble an FN
matrix (59). We found that phosphorylation on FAK Tyr-397
was significantly higher in cells on a rigid substrate after 2 h
compared with those on a soft substrate. Importantly, FAK
phosphorylation was also stimulated on GdnHCl-treated FN
soft substrates to a similar degree as on the rigid substrate (Fig.
6C). This finding shows that GdnHCl-induced unfolding of FN
promotes integrin signaling independently of substrate stiff-
ness and indicates that exposure of FN-binding sites is the key
step that is affected in stiffness-dependent FNmatrix assembly.

DISCUSSION

Mechanical properties of the pericellular environment affect
many important cell processes, including cell signaling, cyto-
skeletal function, and gene expression (60). Herewe showusing
polyacrylamide substrates of different stiffnesses that the rigid-
ity of the cellular environment regulates ECM assembly. Cells
assemble a greater amount of stable FN matrix on a rigid sub-
strate than on softer substrates where assembly is delayed con-
siderably. Increasing cell contractility was not sufficient to res-
cue FN matrix assembly on a soft substrate. However,
stimulation of integrin activity or unfolding of substrate FN
significantly increased FNmatrix assembly on softer substrates.
Because FN conformational changes are downstream of integ-
rin binding, our results indicate that limitations in integrin-FN
binding strength are bypassed by extension of substrate-bound

FIGURE 6. Enhanced formation of FN matrix assembly sites and FAK acti-
vation with GdnHCl-FN. A, NIH 3T3 cells were plated on soft substrates cou-
pled with untreated FN or GdnHCl-treated FN and allowed to spread for 2 h
before the addition of 20 �g/ml biotinylated 70-kDa and 10 �g/ml rat FN.
Cells were fixed and probed with fluorescently labeled streptavidin 30 min
later. Representative images are shown. Scale bars, 10 �m. B, fluorescence
signal intensity of FN matrix assembly sites was measured for 17 cells in each
condition, and the average intensity per pixel was calculated. Error bars rep-
resent S.E. C, NIH 3T3 cells were plated on gels with untreated FN or
GdnHCl-FN and lysed in modified radioimmunoprecipitation assay buffer
after 2 h. Total FAK and FAK phosphorylated on Tyr-397 were measured by
immunoblotting. Blots are representative of two independent experiments.
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FN dimers. Furthermore, both FAK phosphorylation and for-
mation of matrix assembly sites were enhanced on the soft sub-
strate by an extended FN conformation, demonstrating that
substrate stiffness exerts its effects during the initial steps of FN
assembly.
Changing the conformation of substrate FN resulted in an

increase in FN matrix assembly on softer substrates with levels
equivalent to those on rigid gels with untreated FN. Soluble FN
is kept in a compact conformation through electrostatic inter-
actions between the III2–3 and III12–14 domains and possibly
through other intramolecular interactions (46–48). GdnHCl
disrupts these interactions, extending the FN dimer and expos-
ing cryptic FN-binding sites. In particular, FN-binding sites in
the III1–2 domain are exposed by denaturation or stretch (35,
53, 61). Conformational changes provide sites for association
with other FN molecules via the N-terminal matrix assembly
domain of FN and in this way initiate fibril formation. Our
results indicate that substrate stiffness affects the ability of cells
to induce unfolding of FN dimers, thereby limiting the expo-
sure of FN-binding sites and reducing FN matrix assembly.
Stimulating integrins with Mn2� induced assembly on soft

and intermediate substrates to levels similar to that ofmatrix on
the rigid untreated substrate or on a softGdnHCl-FN substrate,
indicating that integrin binding is impaired on soft substrate.
Friedland et al. (44) demonstrated that the total number of
FN-�5�1 bonds is independent of substrate stiffness, but the
number of “tensioned” FN-�5�1 bonds increases with sub-
strate stiffness. In addition, they determined that formation of
tensioned bonds is dependent on the synergy site in FN (44).
Mn2� activation of integrins has been shown to compensate for
weak integrin-FN binding in the absence of a synergy site (62)
and to promote assembly of a recombinant FN that lacks the
synergy site (40). These data explainwhy cells are able to assem-
ble FNmatrix on a rigid substrate independently ofMn2� treat-
ment and why they require integrin activation for assembly on
soft substrate. Cells on rigid substrates have a sufficient number
of strong FN-integrin bonds, which would allow them to apply
enough force to unfold FN and expose FN-binding sites. How-
ever, cells on a soft substrate bind FN weakly, and Mn2� treat-
ment would strengthen these bonds and enable them to cause
FN conformational changes.
Given the relationship between integrin binding and FNcon-

formational changes during assembly, we propose that the two
treatments that stimulate assembly in a stiffness-dependent
manner are correcting the same deficiency. It has been shown
that the integrin-FNbinding strength is lower on soft substrates
compared with rigid substrates (44). Mn2� activation of integ-
rins enhances FN-integrin binding (39, 40) and likely induces
sufficient FN-integrin engagement to initiate FN unfolding.
Cross-linking of GdnHCl-FN to the polyacrylamide gel surface
would directly affect FN-FN interactions by providing a sub-
strate with FN in a conformation that displays previously bur-
ied FN-binding sites. GdnHCl treatment unmasks FN-binding
sites without the need to unfold the FN dimers using strong
integrin bonds. FAK activation correlates with integrin bond
strength with strong FN-integrin bonds resulting in an increase
in downstream FAK phosphorylation (44). Our demonstration
that FAK phosphorylation is stimulated when cells contact

GdnHCl-FN on a soft gel similarly to cells on a rigid substrate
suggests a mechanism whereby cells can sense and respond to
the stiffness of their environment by regulating integrin binding
and signaling activity. Thus, our results show that extension of
FN with GdnHCl circumnavigates the need for integrins to
forcefully unfold FN, allowing cells to form fibrils and activate
intracellular signaling through a mechanism that is independ-
ent of substrate stiffness.
Stimulation of contractility has been shown to increase

matrix assembly on stiff substrates (35, 38, 63) and in our exper-
iments led to a considerable increase in FN matrix on the rigid
substrate. However, neither activation of Rho nor inhibition of
myosin light chain phosphatase was sufficient to promote
assembly on a soft gel, indicating that decreased cell contractil-
ity is not the primary reason for down-regulation of FN matrix
assembly. Therefore, stimulating intracellular pathways to cell
contractility is not sufficient to rescue assembly in the absence
of essential extracellular events.
Several intracellular proteins involved in mechanotransduc-

tion have been shown to become mechanically extended in
response to force, revealing cryptic interaction sites that medi-
ate their activity (64–66). Similar to these intracellular pro-
teins, the correlation between substrate stiffness and FN con-
formational changes may allow cells to use FN itself to probe
the stiffness of the environment. Cells sense the stiffness of
their environment by pulling on their substrate and feeling the
resistance (67). FN in a rigid environmentmight bemore exten-
sible than in a soft environment, providing an FN-dependent
environmental signal to cells. Because FN conformation can
differ with substrate stiffness, cells might be able to detect dif-
ferences in stiffness through their varied ability to expose and
interactwith certain FNdomains. In thisway, FN conformation
itself can act as a microenvironment mechanosensor.
Tissues become progressivelymore rigid during pathological

progression. For example, stiff ECM has been shown to pro-
mote tumor progression by breast cancer cells (10, 68), and FN
contributes to development of a tumorigenic phenotype by
mammary epithelial cells (30). In addition, progression of liver
fibrosis has been found to correlate with a progressive increase
in liver stiffness (11, 69), and interestingly, an increase in liver
stiffness has been shown to precede the pathological deposition
of ECM proteins (70). Deposition of other ECM proteins such
as collagen (20) depends on FN matrix. This could make FN a
master regulator of stiffness-dependent ECM accumulation.
This idea is supported by our data that show increased collagen
with up-regulation of FN matrix. Perhaps stiffness-dependent
FN matrix assembly creates a pathological feedback loop
whereby FN matrix promotes collagen deposition, which then
increases tissue stiffness and in turn up-regulates FN matrix
assembly. Our finding that an FN conformational change is the
terminal event in regulation of matrix assembly by stiffness
implicates FN in a mechanosensing mechanism that may con-
trol disease progression.
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59. Ilić, D., Kovacic, B., Johkura, K., Schlaepfer, D. D., Tomasević, N., Han, Q.,
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