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Fibrotic tissue is characterized by an overabundance of myo-
fibroblasts. Thus, understanding the factors that induce myofi-
broblast differentiation is paramount to preventing fibrotic
healing. Previous studies have shown that mechanical stress
derived from the integrin-mediated interaction between extra-
cellular matrix and the cytoskeleton promotes myofibroblast
differentiation. Integrin �11�1 is a collagen receptor on fibro-
blasts. To determine whether �11�1 can act as a mechanosen-
sor to promote the myofibroblast phenotype, mouse embryonic
fibroblasts and human corneal fibroblasts were utilized. We
found that �11 mRNA and protein levels were up-regulated in
mouse embryonic fibroblasts grown in attached three-dimen-
sional collagen gels and conversely down-regulated in cells
grown in floating gels. �11 up-regulation could be prevented by
manually detaching the collagen gels or by cytochalasin D treat-
ment. Furthermore, SB-431542, an inhibitor of signaling via
ALK4, ALK5, and ALK7, prevented the up-regulation of �11
and the concomitant phosphorylation of Smad3 under attached
conditions. In attached gels, TGF-�1was secreted in its inactive
formbut surprisingly not further activated, thus not influencing
�11 regulation. However, inhibition of activin A attenuated the
up-regulation of�11. To determine the role of�11 inmyofibro-
blast differentiation, human corneal fibroblasts were trans-
fected with small interfering RNA to �11, which decreased
�-smooth muscle actin expression and myofibroblast differen-
tiation. Our data suggest that �11�1 is regulated by cell/matrix
stress involving activin A and Smad3 and that �11�1 regulates
myofibroblast differentiation.

A major function of fibroblasts is to take part in wound clo-
sure during wound healing (1). During this process, fibroblasts
assume a more activated contractile phenotype and differenti-
ate into myofibroblasts under the influence of mechanical ten-
sion (2) and soluble factors, such as TGF-�1 (3). Similar activa-

tion of fibroblasts occurs under pathological conditions, such as
fibrosis and in the desmoplastic reaction in the tumor stroma
(4, 5). In the latter instance, the tumor fibroblasts are called
cancer-associated fibroblasts. Molecularly, myofibroblasts and
cancer-associated fibroblasts are characterized by the expres-
sion of �-smoothmuscle actin (�-SMA)2 and a splice variant of
fibronectin (FN-EDA) (1). In addition to soluble factors, cell
adhesion receptors of the integrin family play important roles
during myofibroblast differentiation (3, 6). Integrins are het-
erodimeric cell adhesion receptors composed of non-co-
valently associated �- and �-chains. Nine of the 24 integrin ��
heterodimers are characterized by the presence of an inserted
and interactive domain in the �-chain, known as the �I-do-
main, which is present in the four collagen receptors, �1�1,
�2�1,�10�1, and�11�1 (7).We have recently determined that
the integrin �11�1 is the major collagen receptor on cultured
mouse embryonic fibroblasts (MEFs) and that it is uniquely
needed during tooth eruption on periodontal ligament fibro-
blasts in vivo (8). In an experimental model for lung cancer,
recent data suggest that�11�1 acts in tumor stroma fibroblasts
by regulating the autocrine secretion of IGF-II (9).
Integrins have previously been shown to play a role in TGF-�

activation. The groundbreaking work in the 1990s demon-
strating that the RGD-binding �v integrins play an impor-
tant role in the activation of TGF-� resulted in a new para-
digm for integrins as master effectors of TGF-� activation
(10). In this context, the �v�6 integrin appears to be central in
creating a conformational change in the latency-associated
protein complex, leading to activation of TGF-�. The �v�8
integrin can activate the complex by inducing the matrix met-
alloproteinase MMP-14, which in turn cleaves latency-associ-
ated protein to activate TGF-� (11). Generation of mice with a
mutation of the RGD sequence in latency-associated protein to
RGE results in a phenotype reminiscent of TGF-�1-deficient
animals (12).More recently, this phenotype has also beenmim-
icked by functionally inactivating �v�6 and �v�8 (13). Myofi-
broblasts have been shown to activate TGF-� by contracting
the extracellular matrix (ECM) and the latency-associated pro-
tein complex as part of a mechanism suggested to restrict myo-
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fibroblast differentiation to stiffened matrices (3). In these
experiments, �v�5 has been shown to play a major role, but a
role for �1 integrins has also been indicated. When bioavail-
able, TGF-� can initiate different signaling pathways involving
the canonical Smad-dependent pathway with Smad phosphor-
ylation and nuclear transport of Smads leading to transcrip-
tional activation of fibrosis-related genes (14). A recent paper
by Liu et al. (15) convincingly demonstrates the central role of
fibroblast �1 integrins in fibrosis. Relatively little is known
about the role of integrins in cancer-associated fibroblasts in
the tumor stroma except for the data suggesting that matrix
stiffness might regulate tumor growth (16, 17), in turn indicat-
ing that fibroblast-driven reorganization of the tumor stroma
might be an important factor regulating tumorigenesis.
Two of the collagen-binding integrins, �1�1 (18) and �2�1

(19), influence myofibroblast differentiation under some con-
ditions in vitro, whereas the role of �11�1 in this process is
unknown.To better understand�11 expression and function in
fibroblasts within a three-dimensional microenvironment, we
have used as a model MEFs immortalized with the T large anti-
gen of the SV40 virus (SV40 MEFs) and primary MEFs. Our
findings demonstrate that �11�1 is regulated by a mechanical
strain-driven mechanism that involves activin A. Upon finding
that �-SMA and �11 are similarly regulated, we could further-
more establish that�11 is involved in collagen I-mediatedmyo-
fibroblast differentiation in human corneal fibroblasts (HCFs),
suggesting that �11�1 might be an important effector of colla-
gen reorganization mediated by myofibroblasts.

EXPERIMENTAL PROCEDURES

Antibodies, Reagents, and Growth Factors—Rabbit poly-
clonal antisera to mouse and human �11 have been described
previously (20). The polyclonal rabbit antibody to mouse inte-
grin�2was used as described (21).Monoclonal antibodies to�-
tubulin, �-smooth muscle actin (�-SMA), and �-actin, clones
DM1A, 1A4, and AC15 respectively, were purchased from
Sigma. Monoclonal antibody to TGF-�1, �2, and �3 (clone
1D11) was acquired from R&D Systems (Oxon, UK). The
monoclonal antibody to activin A (clone 69403) was purchased
from R&D Systems. Rabbit polyclonal antiserum to phospho-
Smad2 (22) was kindly donated by Aris Moustakas (Ludwig
Institute for Cancer Research, Uppsala, Sweden). Rabbit poly-
clonal antiserum to phospho-Smad3 (pSpS423/425) was
purchased fromAcris (Hiddenhausen,Germany). Bothhorserad-
ish peroxidase-conjugated secondary antibodies, goat anti-rab-
bit and goat anti-mouse IgGs, were obtained from Santa Cruz
Biotechnology (Heidelberg, Germany). Goat anti-mouse and
goat anti-rabbit Cy2- and Cy3-conjugated IgGs (multiple label-
ing grade) were obtained from Jackson ImmunoResearch Lab-
oratories (Fornebu, Norway). Cytochalasin-D and SB-431542
were both purchased from Sigma. Recombinantmouse follista-
tin (FS288), recombinant human activin A, and recombinant
FGF-2 (FGF-basic 157 amino acids) were bought from R&D
Systems. Recombinant human TGF-�1 was bought from
PeproTech (London, UK).
Cell Culture—To generate SV40 MEFs, primary mouse

embryonic fibroblasts were isolated as described previously (8)
and infected at �37 °C for 2 h with recombinant retroviruses

containing the SV40 T large antigen (23) as described earlier
(24). Cells were cultured in DMEM (Invitrogen) supplemented
with 10% fetal calf serum (FBS) (PAA Laboratories, Pasching,
Austria) and 1% penicillin and streptomycin (Pest) (Sigma).
Corneal fibroblasts from adult human corneas were collected
with the approval of the Ethical Committee of theMedical Fac-
ulty (Umeå University, Sweden), following informed consent
and in accordancewith the tenets of theDeclaration ofHelsinki
of 1975. Small pieces of corneal stroma were cut from a corneal
button and initially placed in cell culture flasks in 1:1 DMEM/
Ham’s F-12 medium (Invitrogen) supplemented with 10% FBS
and 72 �g/ml benzylpenicillin. Upon cell growth, culture
mediumwas replaced with standardDMEM, 10% FBS, 1% Pest,
and cells were expanded and frozen at �150 °C at passage 3,
with a splitting ratio of 1:3. Smad3�/� dermal fibroblasts and
control wild type cells were kindly provided by K. Flanders
(NCI, National Institutes of Health, Bethesda, MD) and were
isolated as described previously (25). Dermal fibroblasts were
isolated as described previously (26). Immortalization was
achieved by �10 passages at the permissive temperature for
large T expression (33 °C) in DMEM (Sigma) supplemented
with 10% FBS and 20 units/ml interferon � (Sigma) (27).
Collagen Type I Gels—Collagen I gels were mixed as previ-

ously described with some modifications (28). Briefly, each ml
of collagen I solution contained 500 �l of 2� DMEM with 5 �
105 cells, 10 �l of 200 mM glutamine (MedProbe AS, St. Han-
shaugen, Norway), antibiotics, 100 �l of 0.2 M HEPES (Sigma),
pH 8.0, and 400 �l of 3 mg/ml collagen type I (PureCol, bovine
skin collagen I, 3.0 mg/ml stock solution, Nutacon BV,
Leimuiden, Netherlands). 450 �l of this mixture were added
into each well of a 24-well plate (Nunc, Roskilde, Denmark).
Gels attached to the wall and bottom of the wells during poly-
merization (�90 min). Cells remained within these attached
gels and cultured at 37 °C in the presence of 5% CO2 until col-
lected. For floating conditions, lattices were either formed in
wells previously coated overnight with 5% bovine serum albu-
min (Roche Applied Science) in sterile phosphate-buffered
solution (PBS) (Invitrogen) ormanually detachedwith a spatula
after gels had polymerized and attached to the wall and bottom
of uncoated wells. Once gels had formed, DMEM supple-
mented with 1% Pest and 10% FBS was applied on top of each
gel. Cells were extracted from lattices at each time point by
digesting gels with collagenase I (400 units/ml, CLS I, Worth-
ington) at 37 °C for �15 min. Subsequently, cold PBS contain-
ing protease inhibitor (complete mini-EDTA-free, Roche
Applied Science) was added, and cells were centrifuged. Upon
discarding supernatants, pellets were further lysed in SDS-sam-
ple buffer without reducing reagent (Bio-Rad) and subjected to
Western blotting.
Western Blotting—Cells cultured in monolayer were

washed three times with PBS (Invitrogen) and trypsinized.
They were further centrifuged, and after discarding superna-
tants, the resulting pellets were lysed in SDS-sample buffer
without reducing agent (Bio-Rad), sonicated, and subjected to a
SDS-PAGE on 6% gels. Separated proteins were transferred
(100 V, 90 min) onto nitrocellulose membranes (GE Health-
care). Membranes were blocked for 1 h at room temperature
with 5% nonfat dry milk (Marvel, UK) in Tris-buffered solution
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containing 0.05% Tween 20 (TBS-T) (Sigma), incubated with
the primary antibodies to �11 or �2 (both diluted 1:500),
�-SMA (1:1000), �-tubulin (1:2000), Psmad2 (1:1000), Psmad3
(1:1000), or �-actin (1:5000), in TBS-T, 1% bovine serum albu-
min overnight at�4 °C.Uponwashing inTBS-T three times for
10 min, membranes were further incubated with goat anti-
mouse and goat anti-rabbit horseradish peroxidase-conjugated
secondary IgGs (both diluted 1:5000, 50 min at room tempera-
ture).Membranes were developed using the ECLWestern blot-
ting detection kit (GE Healthcare) and photographed using the
ChemiDoc XRS device and the Quantity One 1-D analysis soft-
ware (Bio-Rad). Each result shown by Western blot was
repeated in independent assays a minimum of two times. Band
intensities were quantified with Image J software (available on
the National Institutes of Health Web site).
Immunofluorescence and Bright Field Microscopy—For

bright field microscopy, 1.5 � 104 SV40 MEFs were seeded on
12-well plates (Nunc) and treated with Cytochalasin-D (Sigma)
for 72 h. For immunofluorescence studies and except for Fig.
8D (where 8 � 103 cells were seeded), 1.5 � 104 cells were
grown on 100�g/ml collagen I-coated coverslips overnight and
fixed the next daywithmethanol for 5min at�20 °C. Following
rehydration in PBS, cells were further permeabilized with 0.2%
Triton X-100 (Sigma) in PBS for 15 min and blocked with 10%
goat serum in PBS containing 0.05% Tween 20 (PBS-T) for 45
min at 37 °C. Fixed cells were next incubated with monoclonal
mouse anti-�-SMA and polyclonal rabbit antisera to mouse or
human �11 (diluted 1:400 and 1:1000, respectively) for 45 min
at 37 °C, washed three times for 10 min with PBS-T, and incu-
bated in goat anti-mouse Cy2- and goat anti-rabbit Cy3-conju-
gated secondary IgGs (diluted 1:50 and 1:500, respectively) for
45 min at 37 °C. Cells were visualized under a Zeiss Axioscope
fluorescence microscope (Oslo, Norway), and pictures were
acquired with a digital AxioCam MRm camera. Corneal fibro-
blasts were processed in the same way except that, when
needed, theywere treatedwith 5 ng/mlTGF-� or 2 nM activinA
alongwith�11-specific siRNAor non-targetingmock siRNAat
100 nM for 3 days prior to fixation (see siRNA transfection pro-
cedure below).
Enzyme-linked Immunosorbent Assay—The enzyme-linked

immunosorbent assay kit Quantikine� (R&D Systems) was
used according to themanufacturer’s instructions to detect rel-
ative concentrations of mouse TGF-�1 present in conditioned
media from SV40 MEF-populated attached collagen gels at
either 24 or 96 h after casting the gels.Bars in the graph (see Fig.
5B) show the average value of three independent experiments,
whereas the error bars represent the S.D. for the corresponding
average value.
TGF-� Activity (Luciferase Assay)—2 � 105 SV40-immortal-

ized MEFs were seeded on each well of a 12-well plate and
cultured overnight in DMEM, 10% FBS, 1% Pest at 37 °C, 5%
CO2. The next day, cells were co-transfected with 1 �g of a
plasmid containing the TGF-�-responsive element linked to
the luciferase reporter gene p(GACA)12-lux (29), and 10 ng of
pCG-�-gal was used as an internal control (provided by C.
Svensson (Uppsala, Sweden)), using FuGene transfection re-
agent (Roche R&D, Oslo Pharma) for 3 h according to the man-
ufacturer’s instructions. The medium containing plasmids and

transfection reagent was then removed and replaced by fresh
DMEM, 10% FBS, 1% Pest, and either the corresponding
amounts of recombinant TGF-�1 or conditionedmedium from
SV40 immortalized MEFs seeded in attached gels were added.
After 24 h, luciferase and �-gal activities of duplicate samples
for each condition were measured in two independent experi-
ments as reported previously (30). Transfected cells that sur-
vived in selection medium (29) for 14 days were considered as
stably transfected, further grown under selection medium, and
seeded within collagen gels (supplemental Fig. S1). Cells were
extracted fromcollagen gels in the samemanner as the untrans-
fected cells until the step where cell pellets were obtained (see
“Collagen Type I Gels”). From this step, cells were processed as
cells cultured inmonolayer and subjected to the luciferase assay
(30).
siRNATransfection—Upon thawing and overnight culture of

low passage primary human corneal fibroblasts, cells were
seeded on a 12-well plate (1.0 � 105 cells/well) and left in cul-
ture until the next day. 6 �l of Hi Perfect transfection reagent
(Qiagen, Oslo, Norway) together with 100 nM ON-TARGET
plus siRNA to human �11 (J-008000–10; target sequence,
GGACUCAGACGGUAGCAUU; Dharmacon (Northumber-
land, UK)) or 100 nM non-targeting mock siRNA (D-001810-
02-05; Dharmacon) were mixed and incubated with plain
DMEM for �20 min at room temperature before adding the
siRNA mixtures and 5 ng/ml TGF-�1 into the corresponding
wells with cultured cells and incubating for 3 days. Corneal
fibroblasts were then collected for Western blotting or for
immunofluorescence analysis as described above.
Quantitative PCR (qPCR)—Total RNA was isolated from

�11�/� SV40-immortalized MEFs using the RNeasy minikit
(Qiagen) according to the manufacturer’s instructions. cDNA
was generated from 1 �g of total RNA using murine leukemia
virus reverse transcriptase (Fermentas, Helsingborg, Sweden)
and oligo(dT)18 primer (Thermo Scientific, Oslo, Norway). For
each sample, 100 ng of amplified cDNAwere used in triplicates
as template in the PCRs using iQ SYBR Green Supermix re-
agent according to the manufacturer’s instructions (Bio-Rad).
The qPCRs were performed in a LightCycler� 480 Instrument
II (Roche Applied Science). The mRNA expression for each
gene was measured using the LightCycler� 480 software ver-
sion 1.5 (Roche Applied Science). The -fold change in mRNA
expression for each gene was calculated using the 2���Ct

method (31). mRNA quantifications of each target gene under
each condition were normalized to glyceraldehyde-3-phos-
phate dehydrogenase. Quantifications of mRNA levels for each
target gene in control cells seeded in monolayer were used for
calibration/reference. The primers and annealing temperatures
used are listed in supplemental Table S1.

RESULTS

�11 Integrin Levels inMouse Embryonic Fibroblasts Cultured
in Floating Versus Attached Collagen Lattices—We have previ-
ously shown that�11�1 is themajor collagen receptor onMEFs
cultured in vitro (8). Because fibroblasts are present in a three-
dimensional collagen-rich environment in vivo, and culture
within a three-dimensional matrix has been shown to influence
the levels of another major collagen receptor, �2�1 (32), we
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wanted to determine whether �11 expression and function was
affected by culturing MEFs inside attached or floating collagen
gels. A remarkable difference between these two conditions is
the freedom of cells to contract the diameter of floating but not
attached gels. Both conditions (described under “Experimental
Procedures”) were used to address whether matrix stiffness has
an influence on the expression of the �11 integrin subunit in
SV40 MEFs.
In attached gels, these cells up-regulated �11 RNA and pro-

tein levels in a time-dependentmanner (Fig. 1,A and B, respec-
tively). The lack of specific reactivity of preimmune serum is
shown in supplemental Fig. S2. Whereas RNA levels increased
in attached gels to peak at 72 h (Fig. 1A), protein levels at 24 h
dropped when compared with levels in monolayers, to later
increase at 72 and 96 h. In contrast, within floating lattices,
SV40 MEFs down-regulated �11 transcript and protein levels
already at 8 h (Fig. 1, A and C, respectively). Later time points
were not considered in floating gels because�11RNA levels did
not decrease beyond 48 h (data not shown). These data suggest
that the mechanical properties of collagen lattices regulate the
expression of �11.
An Attached Collagen Lattice and an Intact Actin Cytoskele-

ton Are Both Necessary for Increased Expression of �11—Be-
cause cells develop mechanical stress with time when cultured
within attached gels (33), we hypothesized thatmechanical ten-
sion could be involved in regulating the expression of�11. Con-
sistent with our theory, the up-regulation of �11 could be pre-
vented in a dose-dependent manner when cytochalasin D, an
actin cytoskeleton-disrupting drug, was added for up to 72 h
(Fig. 2A). Despite a change in morphology, cells treated with
cytochalasin D on two-dimensional substrates did not detach
from the plates or show any signs of toxic effects (Fig. 2B). In
addition, �11 protein levels were measured in cells cultured in
collagen gels that either remained attached at all times or were
manually detached (thus becoming floating) 24 or 48 h before
collecting cells for protein levels analyses. In these three differ-
ent situations, SV40 MEFs remained for a total of 72 h within
collagen lattices, but only cells cultured in gels that remained
attached at all timeswere able to express relatively high levels of
�11 (Fig. 2C). These data suggest that both an intact actin
cytoskeleton and a continuously attached collagen lattice are
needed for high expression of �11 in three-dimensional colla-
gen gels.
The Up-regulation of �11 in Mouse Embryonic Fibroblasts

Cultured in Attached Collagen Gels Involves the TGF-�/Ac-
tivin/Nodal Signaling Pathway—Given that a number of cell
types transcriptionally up-regulate members of the TGF-�
superfamily under attached conditions (34, 35) and that TGF-�
has previously been reported to regulate other integrins, such as
�2�1 (36), we hypothesized that TGF-�1 could be involved in
the regulation of �11 in cells cultured in stressed gels. qPCR
showed increased mRNA levels of TGF-�1 in cells cultured in
attached lattices compared with cells in floating lattices,
whereas �A activin levels were lower inside floating and
attached gels compared with cells cultured on a monolayer
(Fig. 3A). The mRNA levels of the corresponding activin-like
receptors, ALK5 and ALK4, increased quickly in attached
gels, whereas in floating gels, therewas a delay in their increased

expression (Fig. 3B). In addition, attached lattices populated by
SV40 MEFs were treated with SB-431542, an inhibitor for sig-
naling triggered by ALK4, ALK5, and ALK7 (37), which bind
activin A, TGF-�1, and nodal, respectively (35). The addition of
SB-431542 attenuated the up-regulation of �11 in SV40 MEFs
cultured within attached gels (Fig. 3C), thus suggesting the
involvement of at least one of the activin-like receptors in �11
up-regulation. Moreover, treatment with SB-431542 for 48 h

FIGURE 1. �11 levels are dynamically regulated inside collagen lattices.
A, quantifications of �11 mRNA levels in wild type SV40 MEFs seeded in
attached and floating collagen gels at different time points. mRNA quantifi-
cations under each condition were normalized to glyceraldehyde-3-phos-
phate dehydrogenase. Quantifications of mRNA levels in control cells (seeded
in monolayer) were used for calibration/reference. The error bars represent
asymmetric S.D. values for the respective conditions and were calculated as
previously described (31). The specific values for each error bar are provided
in supplemental Table S2. B, �11 protein levels in SV40 MEFs seeded in
attached collagen gels at different time points. C, �11 protein levels in SV40
MEFs seeded in floating collagen gels at different time points. Band intensi-
ties in B and C were quantified, normalized to �-actin, and calibrated to the
normalized value for cells in monolayer.
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also down-regulated the expression of �11 in SV40-MEFs
seeded on planar two-dimensional substrates and in the
absence of serum (Fig. 4A). Given (a) the inhibition produced
by SB-431542 (Fig. 3C), (b) that we failed to detect any regula-
tion of �11 upon treating cells in monolayer with nodal for
different time periods, and (c) that we could barely detect
mRNA levels for this ligand in SV40 MEFs within attached lat-
tices (data not shown), we focused our interest on TGF-�1 and
activin A as the potential ligands responsible for the up-regula-
tion of�11 in attached collagen gels. The exogenous addition of
either of these factors up-regulated the expression of �11 in
SV40MEFs seeded inmonolayer, althoughwith different kinet-
ics (Fig. 4B), suggesting thatALK4 andALK5 are functional and
can mediate signaling affecting �11 levels in the presence of
their corresponding bioactive ligands. Furthermore, phosphor-
ylation of Smad2 and Smad3was induced 30min after the addi-
tion of TGF-�1 or activin A. However, TGF-�1 produced a
more prominent phosphorylation of both Smads than activin A
in these cells (Fig. 4C). Thus, considering these results and
those obtained through qPCR (Fig. 3, A and B), TGF-�1 was at
this point our main candidate potentially responsible for the
up-regulation of the �11 integrin subunit in cells within
attached collagen gels via Smad signaling. Because SB-431542
attenuated �11 expression in cells on a two-dimensional colla-

gen substrate under serum-free conditions (Fig. 4A), it appears
that the expression of�11 depends on an autocrine loop involv-
ing the TGF-� superfamily.
TGF-�1 Is Not Involved in the Up-regulation of �11 inMouse

Embryonic Fibroblasts within Attached Lattices—Although
TGF-�1 is detected extracellularly in its inactive form, this
cytokine needs to be activated in order to be able to bind its
receptor, ALK5, and trigger downstream events. Such activa-
tion can occur in several ways (6). Oncewe confirmed by ELISA
that, consistent with the RNA data (Fig. 3A), SV40 MEFs
secreted TGF-�1 in the range of 1–3 ng/ml when cultured in
attached collagen gels (Fig. 5A), we proceeded to verify the acti-
vation of TGF-�1 by these cells. Supernatants from cells cul-
tured in attached gels for 24 or 96 h were added to SV40 MEFs
in monolayer that had been transiently transfected with a vec-
tor containing a TGF-�-responsive element linked to the firefly
luciferase reporter gene (29). Given that (a) �11 was induced
when we added recombinant active TGF-� to SV40 MEFs in
monolayer (Fig. 4B) and that (b) these cells secrete relatively
high amounts of TGF-�1when grown in attached gels (Fig. 5A),
we were expecting to detect luciferase activity when SV40
MEFs transfected with the TGF-�-responsive element were
exposed to conditioned media from attached gels. Detecting
luciferase activity in this scenario would have indicated that the
TGF-�1 secreted by SV40 MEFs within attached gels had been
activated and therefore could potentially be responsible for the
up-regulation of �11 in attached gels. Surprisingly, no lucifer-
ase activity was detected in this case (Fig. 5B), which suggests
that the amount of TGF-�1 secreted by these cells was not
further activated.We added active recombinant TGF-�1 to the
same transfected cells as a positive control for the luciferase
assay (Fig. 5B). In order to exclude local activation of TGF-�
that may have never reached the supernatants used to measure
luciferase activity, the reporter plasmid was stably transfected
into cells that were further seeded within collagen lattices, but
no activity was observed in this instance either (supplemen-
tal Fig. S1). Importantly, exogenously added activin A did not
activate the reporter plasmid (supplemental Fig. S1). In addi-
tion, a pan-TGF-� function-blocking antibody failed to block
the up-regulation of �11 when added to cells in attached gels
(Fig. 5C), whereas it efficiently blocked the up-regulation of�11
induced by recombinant active TGF-�1 that had been exog-
enously added (supplemental Fig. S3). These data suggest that
the TGF-�1 secreted by SV40 MEFs within the attached gels is
not further activated and, therefore, is not involved in the up-
regulation of �11 in these cells and under these conditions.
Activin A Is Involved in the Up-regulation of �11 in Mouse

Embryonic FibroblastswithinAttachedLattices—Given that (a)
SB-431542 inhibited the up-regulation of �11 in the attached
gels (Fig. 3C), (b) exogenously added recombinant activin A
induced �11 in monolayer (Fig. 4B), and (c) TGF-� was not
involved in the regulation of �11 in SV40MEFs (Fig. 5, B andC,
and supplemental Fig. S1), we proceeded to address whether
activin Awas taking part in up-regulating �11 levels in collagen
gels in these cells. In attached gels, cells were treated with fol-
listatin, a molecule that binds activin A and neutralizes its bio-
activity (38), or with a function-blocking antibody to activin A.
In both instances, the up-regulation of �11 was attenuated in

FIGURE 2. �11 levels inside attached collagen lattices depend on an intact
actin cytoskeleton. A, effect of cytochalasin D at different concentrations on
�11 protein levels in SV40 MEFs seeded in attached collagen lattices at 24 and
72 h. B, SV40 MEFs seeded in monolayer and treated with different concen-
trations of cytochalasin D (Cyt-D) for 72 h. C, �11 protein levels at 72 h in SV40
MEFs seeded in collagen lattices that were attached at all times (attached) or
manually detached at 24 or 48 h in order to obtain floating conditions
(Detached24 and Detached48, respectively). Band intensities in Western blots
were quantified, normalized to �-actin, and calibrated to the normalized
value corresponding to untreated cells at 24 h (A) or cells populating perma-
nently attached gels (C).

Mechanical Strain Control of �11 Integrin

10438 JOURNAL OF BIOLOGICAL CHEMISTRY VOLUME 285 • NUMBER 14 • APRIL 2, 2010

http://www.jbc.org/cgi/content/full/M109.078766/DC1
http://www.jbc.org/cgi/content/full/M109.078766/DC1
http://www.jbc.org/cgi/content/full/M109.078766/DC1
http://www.jbc.org/cgi/content/full/M109.078766/DC1
http://www.jbc.org/cgi/content/full/M109.078766/DC1


SV40 MEFs (Fig. 6A). Moreover, Smad3 phosphorylation was
also partially inhibited in these cells following follistatin or anti-
activin A treatment (Fig. 6B). To ascertain that the identified
mechanism was not restricted to SV40 immortalizedMEFs, we
confirmed that �11 up-regulation in an attached three-dimen-
sional gel also involved activin A in primary MEFs (Fig. 6C).
Consistent with a role for Smad3 in mediating the up-regula-
tion of �11, Smad3�/� dermal fibroblasts seeded in attached
collagen gels for 72 h showed decreased�11 protein levels com-
pared with wild type dermal fibroblasts (Fig. 6D). Because we
failed to detect phospho-Smad2 levels under these conditions
(data not shown), and the levels of phospho-Smad2were clearly
detectable only when cells were treated with recombinant
TGF-�1 (Fig. 4C), it appears that, in the attached gels, the reg-
ulation of �11 in SV40 MEFs involves activin A and Smad3 as
the principal receptor-associated Smad mediating this event.

�11 Is Part of the Myofibroblast
Phenotype of Mouse Fibroblasts—In
addition to up-regulating �11, both
activin A (39, 40) and mechanical
tension (41) have been shown to be
involved in the up-regulation of �-
smoothmuscle actin (�-SMA). This
isoform of actin is a classical marker
for myofibroblasts, a cell type play-
ing a key role in wound healing (1)
and pathological conditions, such as
fibrosis (1) and cancer (42). More-
over, both �-SMA (43) and �11 (44)
are also down-regulated by FGF-2
in some cell types. �-SMA and �11
were also concomitantly regulated
by mechanical tension and FGF-2
in SV40 MEFs within attached
gels, whereas �2 levels were in-
creased by FGF-2 treatment (Fig.
7A). Thus, since �11 and �-SMA
appeared similarly regulated, we
hypothesized that �11 could be
increased in myofibroblasts. Dou-
ble immunofluorescence micros-
copy performed on primary and
SV40 MEFs seeded on collagen
I-coated surfaces allowed visual-
ization of cells expressing �-SMA
stress fibers terminating at �11-
expressing focal adhesions (Fig.
7B). These data demonstrate that
�11 is expressed and is functional
in myofibroblasts. In addition,
immunofluorescent labeling of pri-
mary MEFS and immortalized der-
mal fibroblasts (see “Experimental
Procedures”) seeded in monolayer
demonstrates that �11 is not only
expressed inmyofibroblasts derived
from SV40 MEFs (Fig. 7B).

�11 Is Necessary for Myofibroblast
Differentiation inCorneal Fibroblasts—Following the observation
that the up-regulation of�11 inMEFswas linked to themyofibro-
blast phenotype,wewonderedwhether�11couldaffect thediffer-
entiation process itself. Because SV40 MEFs, primary MEFs, and
dermal fibroblasts all already appeared to express significant
amounts of �-SMA in culture at early time points (Fig. 7), we ini-
tially tried to reduce these levels. Serum starvation failed to down-
regulate �-SMA, and cultures of cells in floating collagen lattices
combined with FGF-2 treatment (44, 45) appeared to disturb �11
regulation (data not shown).
Thus, we instead used primary HCFs, which express rela-

tively modest levels of �-SMA and �11 at early passages (46).
Because we were unable to reproducibly retrieve viable HCFs
from the three-dimensional collagen lattice at the times needed
to appreciate myofibroblast differentiation, we seeded these
cells on a two-dimensional collagen I-coated surface. Upon

FIGURE 3. Involvement of the TGF-� superfamily in the regulation of �11 in attached collagen gels. A and
B, quantifications of the mRNA levels for TGF-� superfamily ligands TGF-�1 and �A activin (A) and their respec-
tive receptors, ALK5 and ALK4 (B), at different time points in SV40 MEFs seeded in attached or floating collagen
gels. mRNA quantifications for each target gene under each condition were normalized to glyceraldehyde-3-
phosphate dehydrogenase. Quantifications of mRNA levels for each target gene in control cells (seeded in
monolayer) were used for calibration/reference. The error bars represent asymmetric S.D. values for the respec-
tive conditions and were calculated as described previously (31). The specific value for each error bar is pro-
vided in supplemental Fig. S2. C, effect of the indicated concentrations of SB-431542 on �11 protein levels in
SV40 MEFs seeded in attached gels at 96 h. Band intensities were quantified, normalized to �-actin, and
calibrated to the normalized value corresponding to untreated cells at 24 h.
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treating HCFs cells with either activin A or active TGF-� for 3
days, �-SMA and hence the differentiation of fibroblasts into
myofibroblasts could be induced. Here �-SMA and �11 were
also concomitantly up-regulated, as previously observed for
�11 in SV40 MEFs cultured inside an attached three-dimen-
sional collagen matrix. However, stimulation with TGF-�1 led
to amuchmore prominent up-regulation of �-SMA and �11 in
corneal fibroblasts cultured on collagen I than that caused by
activinA treatment at the concentrations used (Fig. 8A). In fact,
Western blotmembranes containing samples corresponding to
cells stimulated with activin A had to be exposed for much
longer to appreciate �11 up-regulation in these cells
(supplemental Fig. S4). For this reason, only TGF-�was used in
further experiments. TGF-�1-stimulated �-SMA induction
was reduced when siRNA to �11 was included at the beginning
of the experiment (Fig. 8, C and D, and supplemental Fig. S5).

These data suggest that �11�1 is necessary for TGF-�-induced
myofibroblast differentiation on a collagen I substrate.

DISCUSSION

�11�1 Levels Are Regulated byMechanical Strain—In recent
years, the field of ECM biology has attracted increased interest
with the realization that the ECM plays a central role in main-
taining the homeostasis of the cellular microenvironment (47,
48). In addition to its traditional role as a structural framework,
it has become clear that the ECM regulates a number of

FIGURE 4. �11 levels in SV40 MEFs in monolayer are regulated by
SB-431542, TGF-�1, and activin A. A, effect of the indicated concentrations
of SB-431542 on �11 protein levels in SV40 MEFs seeded in monolayer at 48 h
under serum free conditions. B, �11 protein levels in SV40 MEFs seeded in
monolayer were serum-starved when stimulated (�) for the indicated time
with 5 ng/ml of TGF-�1 or activin A (act A; 2 nM). C, phospho-Smad2 (PSmad2)
and phospho-Smad3 (PSmad3) protein levels in SV40 MEFs seeded in mono-
layer and stimulated (�) for 30 min with 5 ng/ml TGF-�1 or activin A (act A; 2
nM). In A and B band intensities were quantified, normalized to �-actin, and
calibrated to the normalized value for untreated cells. In C, the calibration was
relative to the normalized band intensities corresponding to cells treated
with TGF-�1.

FIGURE 5. TGF-�1 is secreted but not activated by SV40 MEFs inside a
collagen gel. A, amount of TGF-� in supernatants from attached collagen
lattices containing SV40 MEFs determined by ELISA at the indicated time
points. The analysis was performed in the presence of two different concen-
trations of serum. The bars show the average value for three independent
experiments, whereas the error bars represent the S.D. for the corresponding
average value. B, luciferase activity normalized to �-galactosidase activity in
transiently transfected SV40 MEFs (see “Experimental Procedures”) cultured
with supernatants similar to those used in A. Recombinant active TGF-�1
exogenously added was used as a control. Luciferase activities were cali-
brated to the normalized value for cells stimulated with 0.5 ng/ml recombi-
nant active TGF-�1 exogenously added. C, �11 protein levels in SV40 MEFs
seeded in attached collagen gels in the presence or absence of a 10 �g/ml
concentration of a function-blocking antibody to TGF-�. Band intensities
were quantified, normalized to �-actin, and calibrated to the normalized
value corresponding to the sample obtained from cells without anti-TGF-�
added.
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dynamic events involving cell adhesion, cell migration, para-
crine signaling, and tissue remodeling. Cell surface receptors,
includingmembers of the integrin family andmatrix proteases,
are central in mediating these effects.
Fibroblasts are connective tissue cells that play a central role

in pathological events, such as fibrosis and tumorigenesis (49).
In addition to the well known communication between tumor
and stroma cells (42), a recent study suggests that fibroblasts
and fibroblast integrins are involved in generating the migra-
tion pathways for metastasizing tumor cells (50).

We have previously shown that �11�1 is the major collagen
receptor on mouse embryonic fibroblasts (8). In the current
study, we have used mainly SV40 MEFs as a model to examine
basic mechanisms of �11�1 regulation in a three-dimensional
matrix. Although both �2�1 and �11�1 have been shown to
mediate matrix reorganization in a three-dimensional collagen
matrix (20, 32), careful analysis of the levels of �2�1 and �11�1
reveals that during matrix reorganization, the levels of these
integrins are dynamically regulated. Other data demonstrate
that some integrin functions involve a certain amount of cross-
talk and that a hierarchical control exists within the integrin
family (51–53). Recently, �2�1 was shown to negatively regu-
late �1�1 integrin when present on the same cells (53). These
factors need to be taken into account when studying conditions
that regulate �11 levels. Although the three-dimensional envi-
ronment of certain fibroblasts is enough to up-regulate �2�1
levels (32, 54), that of �11�1 seems to further require the gel
being mechanically strained.
The stiffness of the ECM has been shown to influence fibro-

blast adhesion and migration (55). Accumulating data have
shown thatmechanical strain is an important factor stimulating
myofibroblast differentiation (2, 56–58). The influence of
matrix stiffness on cell behavior is thus important to consider
when analyzing fibroblasts inside a floating or attached three-
dimensional collagen lattice (59).
Previous studies have indicated that cells within an attached

collagen gel up-regulate transcription of a number of genes,

FIGURE 6. Activin A regulates �11 and Smad3 levels in MEFs cultured in
attached collagen gels. A, �11 levels in SV40 MEFs seeded in attached col-
lagen gels in the presence or absence of SB-431542 (SB; 10 �M), follistatin (Foll;
5 nM), or activin A function blocking antibody (anti-act A; 25 �g/ml). B, phos-
pho-Smad3 (PSmad3) levels in SV40 MEFs seeded in attached collagen gels in
the presence or absence of SB-431542 (10 �M), follistatin (5 nM), or activin A
function-blocking antibody (25 �g/ml). C, �11 levels in primary MEFs seeded
in attached collagen gels in the presence or absence of SB-431542 (10 �M),
follistatin (5 nM), or activin A function-blocking antibody (25 �g/ml). D, �11
protein levels in wild type or Smad3�/� dermal fibroblasts seeded in attached
lattices at the indicated time point. Band intensities were quantified and nor-
malized to �-actin. Normalized bands were calibrated to the value corre-
sponding to untreated cells (A and B), cells in monolayer (C), or Smad3�/�

cells (D).

FIGURE 7. �11 levels and regulation correlate with a myofibroblastic phe-
notype. A, �11, �2, and �-SMA protein levels in SV40 MEFs in attached gels in
the presence (�) or absence (�) of 20 ng/ml FGF-2 at the indicated time
points. Band intensities were quantified, normalized to �-actin, and cali-
brated to the normalized value corresponding to untreated cells at 24 h.
B, immunolocalization of �11 (red) at focal adhesions and �-SMA (green) in
stress fibers (red) in primary MEFs, SV40 MEFs, and dermal fibroblasts isolated
from an immortalized mouse (see “Experimental Procedures”).
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including those encoding collagen I, periostin, collagenXII, and
tenascin-C (60–64). Our data suggest that the �11 integrin
subunit should be added to this group of mechanoregulated
genes.
Role of TGF-� Family Members in �11 Expression—In the

case of both collagen �1(I) (63) and periostin (64), an autocrine
loop involving TGF-�1 has been implied in the mechanosensi-
tive up-regulation of protein synthesis. Regarding tenascin-C,

the mechanical strain-induced synthesis occurs in a manner
dependent on integrin �1 and ILK (65). The fact that SB-
431542 almost completely blocked �11 up-regulation indi-
cates that TGF-� family signaling is a major mechanism to
regulate �11 levels within a three-dimensional collagen gel.
Recent analysis of the human ITGA11 proximal promoter has
revealed a functional Smad3-binding site, which, together with
a Smad2-dependent Sp1 site, seems to mediate responsiveness
of ITGA11 to TGF-�1 (66). However, in the present study, the
amount of TGF-�1 secreted by SV40MEFs in attached lattices
appeared not to be activated and therefore not to be responsible
for the up-regulation of �11 in these cells. It will be interesting
to determine if activin A also can mediate its effects on �11
levels via these or other sites in the promoter. Binding of SRF to
CArG-boxes in genes responding to mechanical strain has pre-
viously been demonstrated in fibroblasts (67, 68). The fact that
an intact cytoskeleton is needed for the �11 up-regulation
might indicate that such a mechanical stress-sensitive element
also is present in the ITGA11 promoter. No obvious conserved
canonical CArG-box is present in the 3-kb part of the promoter
(30), so the involvement ofCArG-boxes in the regulation of�11
is currently unclear.
Activin A Stimulates �11 Synthesis—The reason for the lack

of activation of TGF-�1 secreted by SV40 MEFs might be
related to deregulated signaling caused by the immortalization
process (69) or the origin/species differences of the fibroblasts.
We are confident that the lack of effect of antibodies to TGF-�
in the collagen gel is not a general diffusion/accessibility prob-
lembecause antibodies to activinA have an effect on cells in the
collagen gel. Finally, although we have gone relatively far to
prove that TGF-�1 is not activated in stressed gels in this case,
the possibility that activation of TGF-�1 cannot be detected by
the methods used here should not be discarded.
In the present study, the lack of detectableTGF-�1 activation

instead allowed us to identify activin A as an autocrine factor
up-regulating �11�1 and in turn stimulatingmyofibroblast dif-
ferentiation. Interestingly, �A activin mRNA levels were high-
est in monolayers (the condition where mechanical tension is
highest) and lower in attached gels and barely detectable in
floating gels. The results suggest that activin A in these cells
may be regulated by mechanical strain. Interestingly, mechan-
ical strain effects in embryonic stem cells have been found to be
mediated by activin A and TGF-� (35). In our study, follistatin
and antibodies to activin A partially inhibited the up-regulation
of �11 inside the three-dimensional collagen gel in SV40MEFs
and, importantly, also in primaryMEFs. The fact that activin A
is regulated by follistatin adds another level of control in the
cytokine-integrin response to strain. Although the Smad phos-
phorylation in two-dimensional conditions was readily moni-
tored upon the addition of exogenous TGF-�1 or activin A, the
signal appeared low in three-dimensional gels, and only low
levels of phospho-Smad3 were detected. In a previous study
usingHaCaT cells, it was similarly observed that activinA stim-
ulated cells via Smad3, whereas TGF-�1 stimulated cells in a
Smad2- and Smad3-dependent manner (70). We have no good
explanation for the lower effectiveness of anti-activin A and
follistatin in comparison with the effect of SB-431542 in regu-
lating �11 synthesis within an attached collagen gel. It is possi-

FIGURE 8. �11 influences myofibroblast differentiation in human corneal
fibroblasts. A, �11 and �-SMA protein levels in corneal fibroblasts that
remained unstimulated (�) or were treated (�) with 5 ng/ml of TGF-�1 or 2
nM activin A (act A) for 3 days. B, Immunolocalization of �11 (red) at focal
adhesions and �-SMA (green) at stress fibers in corneal fibroblasts treated
with 5 ng/ml TGF-�1 for 3 days. C, �11 and �-SMA protein levels in corneal
fibroblasts that remained unstimulated (�) or were treated (�) for 3 days
with 5 ng/ml TGF-�1 and siRNA (100 nM) to �11 or an off-target siRNA (mock)
as a control. D, immunolocalization of �-SMA in corneal fibroblasts that
remained untreated (upper left), were stimulated with 5 ng/ml TGF-�1 only
(upper right), or were treated with 5 ng/ml TGF-�1 and siRNA (100 nM) to �11
(lower right) or an off-target siRNA (negative control (NC); lower left). The expo-
sure time when acquiring pictures was identical in all conditions. In A and C,
band intensities were quantified, normalized to �-actin, and calibrated to the
normalized value corresponding to untreated cells. GAPDH, glyceraldehyde-
3-phosphate dehydrogenase.
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ble that the lower effect of anti-activin A antibodies is related to
affinity issues. The modest increase in �A activin mRNA as
judged by qPCR data does not lend support to a model where
activin A is the main driver of strain-sensitive responses. It is
possible that activin A instead plays a maintenance role, and
a more important mechanosensitive ligand remains to be
identified.
The in vivo implications of our findings are that �11 expres-

sionmight be regulated bymechanical strain-dependentmech-
anisms during normal tissue homeostasis, during wound heal-
ing, and in fibrosis. In vivo, the integrin subunit �11 is highly
expressed in fibroblasts of ectomesenchymal origin in the head
and in fibroblasts derived from different types of mesoderm
(24). Consistent with the data presented here, a common find-
ing is that the highest �11 expression is noted at sites of
mechanical tension, such as the periodontal ligament, tendons,
ligaments, periosteum, and perichondrium and in the interver-
tebral discs (20, 24). Activin A in the developing embryo has
been reported to be highly expressed in the craniofacial mesen-
chyme aswell as in perichondriumand intervertebral discs (71).
TGF-�1 shows a wide expression pattern (72) but is also
expressed at sites of mechanical tension. Our data suggest that
a signaling mechanism involving activin A and TGF-�1 might
regulate �11 expression at these sites in vivo.
Role for �11 in Myofibroblast Differentiation—Members of

the TGF-� family might thus be involved in restricting the in
vivo expression pattern of �11 to different sets of fibroblasts.
The recent finding that �11 is also expressed in dermal fibro-
blasts (26, 74) together with the expression of �11 in skin myo-
fibroblasts shown here underscores the importance of examin-
ing a role for �11�1 in myofibroblasts, which are key cells
mediating wound contraction (75).
Recent reports show that cell-generated mechanical tension

can activate TGF-�1 in an strain-dependent manner (3). These
assays and other assays demonstrating a role for �v-integrins
(76) have been performed with cells cultured in serum, thus
favoring RGD-binding integrins as the receptors mediating an
effect on myofibroblast differentiation. Indirect binding to col-
lagen fibrils can also occur when cells are grown in collagen gels
in the presence of serum or alternatively cultured for extended
periods of time, allowing synthesis of non-collagen integrin
ligands (77). Binding of�v-ligands to collagenmost likelymedi-
ates the �v�3-dependent rapid collagen remodeling that has
been observed upon release of attached collagen lattices (78).
In vivo, fibroblasts are surrounded by a matrix dominated by

fibrillar collagens. Hence, the role of collagen-binding integrins
duringmyofibroblast differentiationmight have high biological
relevance. In support of such a role for �1 integrins in myofi-
broblasts, a recent study demonstrates that a lack of �1 inte-
grins in dermal fibroblasts protects mice from bleomycin-in-
duced skin fibrosis (15). It will be important to determine the
nature of the ��1 integrin heterodimer involved in regulating
the fibrotic response in dermalmyofibroblasts and determine if
this�1 integrin-dependentmechanism involves a TGF-�1 acti-
vating role or whether the integrin acts as a downstream effec-
tor (79).
Due to the high endogenous expression of�-SMA inMEFs at

early passages, we could not use these cells to analyze the role of

�11 during myofibroblast differentiation. We have previously
noted a high expression of�11 in developingmouse and human
cornea (20, 24) and have determined that �11�1 is a major
collagen-binding integrin on cultured HCFs of low passage
number (46). We chose HCFs for functional studies of the role
of �11 in myofibroblast differentiation because these cells
appeared to express low �-SMA at early passages. In order to
promote the cell-collagen interaction over the cell-fibronectin
interactions,we opted for analysis in the three-dimensional col-
lagen matrix, which would also have best fit our analysis in
MEFs. However, due to technical problems, maybe related to
poor cell survival of the primary cells in the gels, we had to
resort to inducing differentiation on collagen I-coated surfaces.
Our results showing that both activin A and TGF-� stimulate
myofibroblast differentiation of corneal fibroblasts are in agree-
ment with previous work (40). However, HCFs displayed a rel-
atively weak up-regulation of �11 and in our hands showed a
lower induction of �-SMA in response to exogenously added
activin A when compared with the induction produced by
TGF-�1.

Thus, our failure to demonstrate a role for �11 in activin
A-mediated myofibroblast differentiation in HCFs might be
related to the low level ofmyofibroblast differentiation induced
by activin A under our experimental conditions. Previous stud-
ies have indicated active activin A synthesis in fibroblasts, and
activin A is one secreted growth factor from fibroblast feeder
cell layers that maintains embryonic stem cell pluripotency
(80). In the skin, a role for autocrine and paracrine activin A
signaling has been suggested in post-burn scars (81). Finally, ex
vivo experiments with scar fibroblasts implicate activin A in
Akt-mediated signaling inmyofibroblast differentiation (81). In
summary, we believe that activin A is a good candidate to reg-
ulate �11 levels in various fibroblasts in vivo.
Despite the problems regarding activinA-inducedmyofibro-

blast differentiation in the HCFs, the cells were useful to dem-
onstrate a role for �11�1 in TGF-�1-stimulated myofibroblast
differentiation. A recent study suggests that �1�1 is important
in a variety of human myofibroblasts in vivo (82), whereas a
separate study suggests that �2�1 regulates myofibroblast dif-
ferentiation inside three-dimensional collagen matrices (19).
The studies involving �2�1 were performed prior to the exist-
ing knowledge about �11, and it will thus be important to ana-
lyze these two collagen receptors with similar techniques under
similar conditions to estimate their relative contribution to the
myofibroblast differentiation process. Because, in addition to
being expressed on fibroblasts, �1�1 (83) and �2�1 (26) both
are present on endothelial cells, it can be difficult to separate
their role onmyofibroblasts from their angiogenic effect during
pathological processes in tissues. This is a complication that is
not likely to be observed with �11, which is restricted to
fibroblasts.
From the above discussion, we speculate that different colla-

gen-binding integrins have different roles in different types of
fibroblasts and that the type of collagen-binding integrin that
influences myofibroblast differentiation might be tissue- and
context-dependent. This is similar to the situationwith�v inte-
grins, where �v�3 and �v�5 have been reported to influence
myofibroblast differentiation in cells isolated from the mouth
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and skin, whereas �v�5 alone seems to have this property in
kidney fibroblasts (77). In future studies, it will be important to
investigate the role of TGF-�1 and activin A in �11 expression
and function in fibroblasts/myofibroblasts of different origins
(73).
In summary, we show here that �11�1 is regulated by

mechanical strain andmembers of the TGF-� superfamily. It is
tempting to suggest that the striking expression of �11 at sites
of mechanical tension reflects inherent structural properties of
�11�1, making it particularly suitable for consolidating cell-
collagen interactions. The finding that �11�1 regulates myofi-
broblast differentiation warrants further studies of its role in
pathological conditions involving fibroblasts.
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