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Summary

Mechanical ventilation is a valuable treatment regimen for respiratory failure. However, mechanical
ventilation (especially with high tidal volumes) is implicated in the initiation and/or exacerbation of
lung injury. Hence, it is important to understand how the cells that line the inner surface of the lung
[alveolar epithelial cells (AECs)] sense cyclic stretching. Here, we tested the hypothesis that matrix
molecules, via their interaction with surface receptors, transduce mechanical signals in AECs. We
first determined that rat AECs secrete an extracellular matrix (ECM) rich in anastamosing fibers
composed of the a3 laminin subunit, complexed with B1 and y1 laminin subunits (i.e. laminin-6),
and perlecan by a combination of immunofluorescence microscopy and immunoblotting analyses.
The fibrous network exhibits isotropic expansion when exposed to cyclic stretching (30 cycles per
minute, 10% strain). Moreover, this same stretching regimen activates mitogen-activated-protein
kinase (MAPK) in AECs. Stretch-induced MAPK activation is not inhibited in AECs treated with
antagonists to a3 or 1 integrin. However, MAPK activation is significantly reduced in cells treated
with function-inhibiting antibodies against the a3 laminin subunit and dystroglycan, and when
dystroglycan is knocked down in AECs using short hairpin RNA. In summary, our results support a
novel mechanism by which laminin-6, via interaction with dystroglycan, transduces a mechanical
signal initiated by stretching that subsequently activates the MAPK pathway in rat AECs. These
results are the first to indicate a function for laminin-6. They also provide novel insight into the role
of the pericellular environment in dictating the response of epithelial cells to mechanical stimulation
and have broad implications for the pathophysiology of lung injury.
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Introduction

In intact tissue, many types of epithelial cells are routinely subject to mechanical forces (Ingber,
2003; Wang etal., 1993). For example, urothelial cells covering the inner surface of the bladder
experience cycles of stretching and contraction as the bladder fills and then discharges its
contents, whereas epithelial cells that line the gut are subjected to waves of peristalsis within
the alimentary canal. Endothelial cells in intact blood vessels are subject to and respond
precisely to changes in hemodynamic shear stress (Davies et al., 2003; Shyy and Chien,
2002). Epithelial cells that cover the alveolar surface of the lungs are no exception and undergo
cyclic mechanical deformation forces during tidal breathing, particularly following lung injury
(Brower et al., 2000; Corbridge et al., 1990; Correa-Meyer et al., 2002; Edwards, 2001; Liu et
al., 1999; Steinberg et al., 2002; Webb and Tierney, 1974). Moreover, in alveolar epithelial
cells (AECs), mechanical stimulation is known to initiate signals that result in increases in
DNA synthesis and the expression of certain growth-factor receptors, surfactant proteins and
extracellular-matrix proteins (Edwards, 2001; Liu etal., 1999). In addition, certain pathological
conditions are initiated when AECs are subjected to excessive external forces. In particular,
ventilation of patients with lung injury leads to increased cell-membrane permeability,
pulmonary edema and inflammation, and contributes to mortality in patients with acute
respiratory distress syndrome (ARDS) (Brower et al., 2000; Corbridge et al., 1990; Edwards,
2001; Liu et al., 1999; Webb and Tierney, 1974).

Although it has been established that cells sense external forces, in part, through
mechanosensitive channels and growth-factor-receptor circuitry, there are considerable data
that indicate that certain mechanical signals are transduced via matrix cell-surface receptors,
including the integrins (Blount, 2003; Chen et al., 1999; Hamill and Martinac, 2001; Hynes,
1992; Hynes, 2002; Ingber, 2003; Tschumperlin et al., 2004; Wang et al., 1993). However,
whether matrix receptors and their ligands, including the laminins and laminin-binding
proteins, mediate such mechanical-signal transduction by converting mechanical signals into
chemical signals in the cytoplasm of a cell is not clear (Edwards, 2001; Liu et al., 1999; Nilius
and Droogmans, 2001).

The composition of the matrix to which AECs adhere in the intact lung has been studied by
several groups. Specifically, several laminin subunits have been identified in the matrix-rich
basement membrane of AECs in vivo (Coraux et al., 2002; Mizushima et al., 1998; Pierce et
al., 1998; Virtanen et al., 1996). This basement membrane is covered by a sheet of cells
composed mainly of type-1 (AT1, alveolar type-1 pneumocytes) cells (Crapo et al., 1982). The
squamous AT1 cells line ~95% of the alveolar surface area and are susceptible to oxidant stress
(Crapo et al., 1982). They share the basement membrane with type-11 (AT2, pneumocyte type
I1) cells, which are cuboidal and cover less than 5% of the alveolar surface (Crapo et al.,
1982). The type-11 cells produce surfactant, proliferate and differentiate into type I cells (Crapo
et al., 1982; Fehrenbach, 2001; Uhal, 1997). In the basement membrane of the lung, subunits
of laminin show precise, developmentally regulated patterns of expression (Coraux et al.,
2002; Mizushima et al., 1998; Pierce et al., 1998; Virtanen et al., 1996). For example, laminin
al expression is restricted to early human lung morphogenesis, whereas the laminin a5 is
continuous from early lung development to adult life (Pierce et al., 1998; Virtanen et al.,
1996). Moreover, the a3 laminin subunit is expressed in the basement membrane of the alveoli
of adult rat lung, where it localizes with 1, y1 and 2 subunits. Indeed, some authors have
speculated that alveolar cells might express at least five laminin isoforms (Pierce et al.,
1998). In addition, several matrix-receptor complexes have been identified in the developing
and adult lungs. In particular, the a2, a3 and a6 integrin subunits are found in developing
alveolar tissue and in adult alveoli, and might serve in AEC adherence to laminins in the
basement membrane (Virtanen et al., 1996). The B4 integrin appears to be restricted to the
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bronchi, where it assembles into hemidesmosome structures that tether bronchial airway
epithelial cells to laminin 5 in the basement membrane (Michelson et al., 2000).

In this study, we used primary rat AECs to assay the molecular underpinning of cellular
response to physical force. In particular, we tested the hypothesis that matrix molecules
secreted by lung epithelial cells are crucial molecular links in the process of ‘converting’ a
mechanical stress in the form of stretching into a cytoplasmic signal. We present the first
analyses of the function and organization of laminin 6 secreted by epithelial cells and we
provide data that implicate dystroglycan as a component of a complex that transduces
mechanical signals. Moreover, our results reveal that a novel matrix fibrillar complex
transduces mechanical signals that regulate the activity of p42/p44 mitogen-activated-protein
kinase (MAPK) in rat AECs. Our data and conclusions contrast with those of others, who have
stated that mechanotransduction does not require ‘force-dependent biochemical processes
within the cell or cell membrane” (Tschumperlin et al., 2004).

Materials and Methods

Cell culture

AECs were isolated from pathogen-free male Sprague-Dawley rats (200-225 g) as previously
described (Correa-Meyer et al., 2002; Ridge et al., 1997). Briefly, the lungs were perfused via
the pulmonary artery, lavaged and digested with elastase (3 U mI~%; Worthington Biochemical,
Freehold, NJ). AECs were purified by differential adherence to immunoglobulin G (IgG)
pretreated dishes and cell viability was assessed by trypan-blue exclusion (>95%). Cells were
resuspended in Dulbecco’s modified Eagle’s medium (DMEM; Cellgro, Mediatech Inc.,
Herndon, CA) containing 10% fetal bovine serum (FBS; Hyclone, Logan, UT) with 2 mM
glutamine, 100 U mI~1 penicillin, 0.25 ug mi~1 amphotericin B and 100 pg ml~1 streptomycin.
Cells were seeded in six-well, 35 mm, elastomer-bottomed Bioflex® plates (Flexcell
International, Meckeesport, PA) or peptide-coated glass coverslips at a density of 0.5x10 cells
cm~2. Cells were incubated in a humidified atmosphere of 5% COs, 95% air at 37°C. The day
of isolation and plating is designated culture day 0 (zero). 804G cells were cultured as detailed
previously (Riddelle et al., 1991).

Antibodies and other reagents

Polyclonal rabbit antisera against p42/p44 MAPK and activated (phosphorylated) p42/p44
MAPK were purchased from Cell Signaling Technology (Beverly, MA). The mouse
monoclonal antibodies CM6 and 5C5 against the laminin a3 subunit were described previously
(Baker et al., 1996; Langhofer et al., 1993). Mouse monoclonal antibodies against the y2 and
3 subunits of rat laminin 5 were originally provided by Desmos (San Diego, CA). A rabbit
antiserum against the p1 laminin subunit was obtained from P. Yurchenco (Department of
Pathology, Robert Wood Johnson Medical School, Piscataway, NJ). Mouse monoclonal
antibody (mAb) against the y1 laminin subunit (mAb 1920) was obtained from Chemicon
International (Temecula, CA). A goat polyclonal antiserum against the a5 laminin subunit
(G20) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA). A rabbit antiserum
against nidogen was obtained from Calbiochem (San Diego, CA). A hamster mAb (Ha2/5) that
inhibits the function of rat B1 integrin was purchased from BD Pharmingen (Franklin Lakes,
NJ). A function-inhibitory rat antibody against a3 integrin (Ralph 3.1), a mouse mAb against
the B2 laminin subunitand mouse mAb against perlecan were obtained from the Developmental
Studies Hybridoma Bank (University of lowa, lowa City, IA). Mouse IgM I1H6 against -
dystroglycan has been described elsewhere (Henry et al., 2001). Mouse mAb 8D5 against 8-
dystroglycan was purchased from Novocastra Labs (Newcastle, UK). Mouse IgM Ab1 against
actin was purchased from Calbiochem. Control IgGs and IgMs, and fluorescein, rhodamine
and horseradish-peroxidase-conjugated secondary antibodies were purchased from Jackson
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ImmunoResearch (West Grove, PA). For imaging of unfixed matrix proteins under stretching,
we labeled the matrix with the antibody 5C5 followed by Alexa-Fluor-488-conjugated goat
anti-mouse IgG (Molecular Probes, Eugene, OR).

The GRGDSP peptide was purchased from Invitrogen (Carlsbad, CA) and added to the medium
of the AECs at a concentration of 100 ug ml~1 in serum-free medium for 24 hours before
stretching.

short hairpin RNA protocol

A set of single-stranded oligonucleotides encoding the dystroglycan target short hairpin RNA
(shRNA) and its complement were synthesized by Invitrogen (Carlsbad, CA).

2719Forward: CACCGCTCATTGCTGGAATCATTGCCGAAGCAATGATTCCA-
GCAATGAGC 2719Reverse:
AAAAGCTCATTGCTGGAATCATTGCTTCGGCAATGATTCCA-GCAATGAGC

The sequence was selected using an algorithm provided by Invitrogen. The oligonucleotide
pair was annealed, ligated into the pENTR/U6 vector and used to transform competent
Escherichia coli cells following an established protocol (Invitrogen). Plasmid DNA was
isolated from the kanamycin-resistant colonies and sequenced. The pENTRY/U6 construct
was used in a recombination reaction with the adenoviral vector pAD/BLOCK-iT-DEST
(Invitrogen). The resulting ShRNA adenoviral vector was linearized with Pacl and transfected
into 293A cells using Lipofectamine following Invitrogen protocols. In addition, an adenoviral
vector containing ShRNA targeting human (but not rat) lamin A/C (supplied by Invitrogen)
was processed the same way and used as a negative control for the adenoviral infection.
Approximately 12 days after transfection, the adenovirus-containing 293A cells were harvested
and lysed to prepare a crude viral stock. The resultant viral stock was amplified and the viral
concentration determined. 2 days after plating, AECs were infected with the virus at a
multiplicity of infection of 1:10. The following day, the medium was replaced and assays were
performed 24 hours later.

Cyclic stretching

AECs were cultured for 3 days. After serum starvation for 24 hours, the cells were subjected
to equibiaxial stretching on day 4 using the Cyclic Strain Unit FX-3000 (Flexcell International,
Hillsborough, NC). This unit consists of a controlled vacuum unit and a base plate to hold the
culture plates. A vacuum was cyclically applied to elastomer-bottomed six-well culture dishes
using the Flexercell device with loading stations in place to impose equibiaxial stretching at
30 cycles per minute and a stretching-relaxation ratio of 1:1, resulting in a 10% linear
elongation of the membrane as measured microscopically. This is the same regimen used
previously (Correa-Meyer et al., 2002). Cells were harvested at 10 minutes, after the initiation
of cyclic stretching.

SDS-PAGE and immunoblotting

AECs were solubilized in sample buffer consisting of 8 M urea, 1% sodium dodecy! sulfate in
10 mM Tris-HCI, pH 6.8, 15% B-mercaptoethanol (Laemmli, 1970). AEC matrix was prepared
according to a previously published procedure (Langhofer et al., 1993). The matrix proteins
were collected from the culture dish by solubilization in the above sample buffer. Proteins were
separated by SDS-PAGE, transferred to nitrocellulose and processed for immunoblotting as
previously described (Harlow and Lane, 1988; Klatte et al., 1989; Laemmli, 1970).
Immunoblots were scanned and quantified using Molecular Analyst (BioRad, Richmond, CA).
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Immunofluorescence microscopy

Cells on glass coverslips were extracted for 2 minutes at —20°C in acetone. Cells maintained
on elastomer surfaces in six-well plates were fixed in 3.7% formaldehyde for 5 minutes,
extracted in 0.5% Triton X-100 in PBS at 4°C for 8 minutes in situ and then washed thoroughly
in PBS. Subsequently, the elastomer surface with attached cells was excised from the six-well
plate and processed as if it were a coverslip. Appropriate single primary antibodies or mixtures
were overlaid onto the cells and the preparations were incubated at 37°C for 60 minutes. The
cells on coverslips or elastomer were washed in three changes of PBS and then overlaid with
secondary antibodies, placed at 37°C for an additional 60 minutes, washed extensively and
then mounted on slides (cells on coverslips) or covered with a glass coverslip (cells on
elastomer membrane). All preparations were viewed on a Zeiss laser-scanning confocal
microscope (LSM 510) (Carl Zeiss, Thornwood, NY). Microscope images were exported as
TIF files and figures were generated using Adobe Photoshop software.

Image analyses of a3 laminin under stretching

Results

AECs were cultured on elastomer membranes (Flexcell International) for 4 days. AEC matrix
was prepared according to a previously published procedure and then incubated at 37°C for
60 minutes in an unfixed state using mAb 5C5 against the a3 laminin subunit (Langhofer et
al., 1993). After thorough washing in PBS, the membrane was incubated in Alexa-Fluor-488-
conjugated goat anti-mouse 1gG for an additional 60 minutes at 37°C. The membrane was
mounted in a StageFlexer system (Flexcell International) on the stage of a Leica DMRXA2
microscope (Leica Microsystems, Wetzlar, Germany) coupled to a Hamamatsu Orca-ER
digital camera (Hamamatsu, Bridgewater, NJ). This allowed the fibers to be viewed while they
were undergoing cyclic stretching. The membranes were stretched as described above and
images captured using OpenLab in both stretched and unstretched conformations.
Measurements of fiber length and areas between fibers were generated by identifying fiducial
points in the images, which were subsequently analyzed using the MetaMorph Imaging System
(Universal Imaging, Molecular Devices, Downingtown, PA) by examining the same networks
under stretching and non-stretching conditions. Significant differences between experimental
conditions were analysed using a two-way analysis of variance (ANOVA). When the ANOVA
indicated a significant difference between groups, individual differences were explored with
two-tailed paired Student’s t-tests using the Bonferroni correction for multiple comparisons.
A significant difference was prospectively identified as P<0.05.

Primary AECs assemble a fibrous matrix enriched in perlecan, nidogen and laminin 6

To evaluate the potential role of extracellular matrix components in mechanotransduction in
lung epithelial cells, we first characterized the composition of an extensive network of fibers
that AECs deposit on their substrate (Figs 1, 2). At 2 days after plating, we detect small fibers,
recognized by antibodies against perlecan along the substrate-attached surface of AECs (Fig.
1A). By contrast, antibodies against the 1, y1 and a3 laminin subunits show either diffuse or
punctate staining in the cells at the same focal plane at this time point (Fig. 1B; only perlecan
and the B1-laminin-subunit staining is shown in this image). It should be realized that some of
the B1-laminin-subunit-positive spots co-localize with the small fibers of perlecan (seen as
yellow in Fig. 1C).

By day 4, perlecan appears in an extensive anastomosing network within the matrix of the cells
(Fig. 1D). These perlecan-rich fibers are also stained by antibodies against the 1, y1 and o3
laminin subunits and nidogen (Fig. 1E, Fig. 2A-F, Fig. 3). Other antibodies against laminin
subunits, including those that recognize rat y2 and 3 subunits, generate no obvious staining
of cells at all time points we analysed, indicating that, in vitro, AECs fail to secrete a matrix
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rich in laminin 5 («3p3y2) (data not shown). Antibodies against the a5 laminin subunit [a
component of laminins 10 and 11 (a5B1y1 and a5B2y1)] and the $2-laminin subunit [a
component of laminins 7 and 11 (a3p2y1 and a5p2y1)] stain AEC cell bodies and show only
weak, diffuse staining of the AEC matrix (Fig. 2J, only p2 laminin antibody staining is shown).
Both o5 and 2 laminin subunit antibodies fail to stain the perlecan/nidogen/a3-laminin-
subunit-rich fibers secreted by the cells (Fig. 2J-L, only B2-laminin antibody staining is shown).
These data suggest that the laminin-positive fibers in the matrix of AECs are rich in laminin 6
but lack laminins 7, 10 and 11.

In support of the immunofluorescence data, western blotting confirms that primary AECs
express a distinct subset of laminin subunits. Antibodies against .3, p1, 32 and y1 laminin
recognize proteins of 190 kDa and 160 kDa, 200 kDa, 190 kDa, and 200 kDa (respectively) in
immunoblots of AEC extracts, whereas antibodies against other laminin subunits including
v2 and B3 show no obvious reactivity against the same protein preparation (Fig. 4). The latter
antibodies, however, show strong reactivity with extracts derived from the rat bladder-cell line
804G, which is known to secrete a laminin-5-rich matrix (Baker et al., 1996;Langhofer et al.,
1993) (Fig. 4A). It should be realized that we detect 2 laminin subunit in extracts of 804G
cells even though this protein is not deposited into the matrix that 804G cells secrete onto their
culture support (J. C. R. Jones et al., unpublished).

We have previously demonstrated that post-translational proteolytic processing of the a3
laminin subunit can alter cellular responses to laminin-rich matrix (Goldfinger et al., 1998). In
whole-cell extracts of AECs, both unprocessed (190 kDa) and processed (160 kDa) a3 laminin
subunit isoforms are present (Amano et al., 2000; Goldfinger et al., 1999; Goldfinger et al.,
1998; Nguyen et al., 2000) (Fig. 4A). In sharp contrast to this, only processed a3 laminin
subunit is detectable in AEC matrix, indicating that a3 laminin has undergone extracellular
proteolytic cleavage in its G domain upon secretion (Amano et al., 2000; Goldfinger et al.,
1999; Goldfinger et al., 1998; Nguyen et al., 2000) (Fig. 4B).

Matrix and matrix-receptor involvement in the transduction of mechanical signals

A major goal of our study was to investigate whether mechanotransduction in AECs might
involve matrix-receptor complexes (Chen et al., 1999; Ingber, 2003; Meyer et al., 2000;
Pavalko et al., 1998; Shyy and Chien, 2002). Indeed, we hypothesized that the fibrous nature
of the matrix of AECs might facilitate the transduction of stretching stimuli to adherent cells
if it were to deform upon mechanical stimulation. To evaluate this possibility experimentally,
we first subjected native AEC matrix to an equibiaxial stretch regimen (a linear 10% elongation
at a frequency of 30 cycles per minute, with a stretching:relaxation ratio of 1:1), which Correa-
Meyer et al. have previously shown elicits specific signaling events in AECs (Correa-Meyer
et al., 2002). We chose to stimulate the matrix of AECs mechanically at 4 days after plating
because, by this time, the AECs have established the same extensive fibrillar matrix on
elastomer membranes that we observe when the cells are plated onto glass coverslips (compare
Figs 1-3 with Fig. 5). a3-Laminin subunits in unfixed, native AEC matrix were
immunolabeled. The labeled preparation was visualized before stretching, during the stretching
regimen mentioned previously and following stretching in liquid medium. An overlay of three
images of the labeled matrix fibers under these distinct conditions is shown (Fig. 6A).

Before and after stretching, the a3-laminin-subunit-rich fibers show colocalization, whereas
the same fibers are displaced from their non-stretched organization upon mechanical
stimulation (Fig. 6A). Upon exposure to cyclic stretching, the overall shape of the matrix
network is not appreciably altered (Fig. 6A). Indeed, this suggests that the matrix fibers adhere
to the substrate continuously or at multiple, closely spaced, points along their length. It should
also be realized that stretching causes no obvious damage to or fragmentation of the matrix.
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We next derived measurements of the changes in area enclosed by the fibers (A/Ag; where A
is the area during stretching and Aq is the area before stretching) and the length of the fibers
(L/Lg; where L is the fiber length during stretching and Ly is the fiber length before stretching)
in the matrix of AECs (Fig. 6B). Both fiber area and fiber length are increased significantly
during stretching, and return more or less to the baseline after cessation of stretching.

A tightly adherent matrix undergoing equibiaxial stretch should exhibit isotropic expansion.
To determine whether AEC matrix does so, we used the formula

A=(A/Ap)+(L/ L)%,

where A is a numerical value for expansion. Values for each of our measurements were
calculated and then the average was generated. The resulting ratio is 1.03 (95% confidence
interval 0.76-1.30). Statistically, the ratio is essentially 1, the predicted value for an ideal,
isotropic expansion.

When AECs are subjected to the stretching regimen mentioned above, p42/p44 MAPK
undergoes activation within 15 minutes (Correa-Meyer et al., 2002). Hence, we were able to
use this endpoint, in combination with a collection of function-blocking antibodies to define
which particular matrix components play a role in stretching-induced signaling in AECs. AECs
were washed with serum-free medium and then incubated in the same medium with antibody
or control immunoglobulin for 24 hours before applying the regimen of cyclic stretching.
Extracts of cells were processed for immunoblotting using antibodies that recognize activated
p42/p44 MAPK, and then reprobed with antibodies against total p42/p44 MAPK. We show
pairs of images of one representative immunoblot and quantification of at least three trials of
each experimental treatment (Fig. 7).

Inhibiting the function of the a3 laminin subunit results in a ~40% decrease in stretching-
induced p42/p44 MAPK phosphorylation (Baker et al., 1996) (Fig. 7A, B). By contrast,
blocking the function of either a3 or 1 integrin with antibody antagonists has no obvious
impact on stretching-activated p42/p44 MAPK phosphorylation (Fig. 7A, B). These same
inhibitors are functionally active against rat integrins in our hands, because both inhibit rat
804G bladder-cell adhesion to laminin 5 in a 30 minute adhesion assay (J. C. R. Jones,
unpublished).

Our data showing expression of dystroglycan by AECs suggest that dystroglycan might
function as a receptor for the perlecan/laminin-6 complexes (Fig. 4C). This hypothesis is
supported by the observation that the a-dystroglycan function-perturbing antibody 11H6
effectively inhibits stretching-induced MAPK activation in AECs by about 30% (Michele and
Campbell, 2003) (Fig. 7A, B). To confirm this result, we infected AECs 2 days after plating
with adenovirus encoding shRNA to knockdown specifically the production of dystroglycan
(Fig. 7C) (Elbashir et al., 2002). Knockdown of dystroglycan is >90% in AECs 2 days after
infection (Fig. 7C). At the same time, we then assayed dystroglycan-shRNA and control-
shRNA-expressing cells for MAPK activity following stretch (Fig. 7B). MAPK activation is
inhibited by at least 50% in AECs in which production of dystroglycan is knocked down
compared with untreated cells and cells expressing control ShRNA (Fig. 7B).

It should be realized that AECs show no obvious morphological perturbation, including
detachment or rounding, following treatment with any of the function-perturbing antibodies
we used in these studies, or following treatment with adenovirus (not shown). Furthermore,
laminin-6-fiber organization is not perturbed by our antibody or viral regimens. Moreover, the
same approximate amount of total cell protein is collected from cultures of untreated cells and
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cells treated with antibodies or adenovirus at the conclusion of the stretch regimen (not shown).
Together, these results indicate that no obvious loss or death of cells is caused by antibody
incubation or viral infection.

Irrelevant IgG and IgM treatment has no impact on activation of MAPK in AECs subject to
stretching (not shown). We have performed several other control studies to assess the
specificity of matrix molecule involvement in transducing mechanical signals in the AECs.
For example, AECs 3 days after plating were incubated with an excess of RGD-containing
peptide in serum-free medium and then, 24 hours later, the treated cells were subjected to
stretch (Fig. 7B). This peptide is a competitive inhibitor of the receptor-binding site on matrix
molecules including fibronectin and vitronectin for several f1-and B3-subunit-containing
integrin-family members (Hynes, 1992). The RGD-containing peptide does not inhibit
stretching-induced p42/p44 MAPK activation in AECs, indicating that RGD-binding integrins,
including a5B1 and avp3, are not involved in mediating signaling in the stretched cells. Rather,
our results suggest roles for laminin-6, the proteoglycan perlecan and dystroglycan in
mediating stretching-induced signaling in AECs.

Discussion

The alveolar cells of the lung lie on a basement membrane composed of a complex of matrix
proteins (Miner et al., 1997; Nguyen et al., 2002). In the intact lung, the production of laminin
subunits is developmentally regulated. For example, the al and a2 subunits are expressed in
fetal lungs, whereas a3, a4 and o5 laminin subunits are found in both fetal and adult lungs.
Previous workers have shown that both a3 and a5 laminin subunits are produced by cultured
rat AECs (Pierce et al., 1998). However, the exact identity of the a3-subunitcontaining laminin
heterotrimer in the matrix of AECs has not been reported. Here, we provide the first evidence
that the a3 laminin subunit is secreted by cultured rat AECs in cable-like structures. Moreover,
we detect the p1 and y1, but not the y2, B2 and B3 laminin subunits, localized with the a3
laminin subunit in these cables, indicating that the rat cells are generating a laminin-6-rich
matrix. To our knowledge, this is the first identification of a cell type that secretes a laminin-6-
rich matrix in the absence of laminin 5 or 7 in vitro. Moreover, we have been able to use AECs
to study not only the precise organizational state of laminin 6 in the extracellular matrix but
also the role of laminin 6 as a mediator of signaling.

Laminin heterotrimers assemble into polymeric matrix arrays in distinct ways in different
cultured cell types. For example, in the rat epithelial cell line 804G, laminin 5 assembles into
a “cat’s-paw” array, whereas the same molecule assembles in cloud-like arrays, arcs and circles
in the matrix of keratinocytes (deHart et al., 2003; Langhofer et al., 1993). By contrast, laminin
1 assembles as a reticular network on the surface of muscle cells (Colognato et al., 1999), and
the organizational state of laminin 6 in AEC matrix resembles this. Exactly how laminin 6
assembles into cable-like structural arrays remains to be determined. However, our time-course
studies suggest that perlecan is laid down in a fibrillar organization before laminin 6. Indeed,
we speculate that AECs first assemble fibers of perlecan whose distribution subsequently
determines the arrangement of laminin 6. Perlecan is certainly capable of doing so via an
interaction with nidogen, which cross-links the immunoglobulin-like domain 3 of perlecan
with an epidermal-growth-factor-like repeat within the laminin y1 subunit (Kvansakul et al.,
2001; Mayer et al., 1993; Ries et al., 2001). In support of this, we show that nidogen
codistributes with perlecan and the subunits of laminin 6 in the matrix of AECs.

The fibrous nature of perlecan/nidogen/laminin-6-rich complexes in the matrix of AECs led
us to ask whether these fibers provide the structural means for cells to resist and/or respond to
mechanical stresses. Indeed, by visualizing labeled fibers, we have shown that the fibers adhere
to the matrix at sites sufficiently close to one another to result in isotropic expansion during
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stretching. Hence, the ability of fibers rich in laminin 6 to respond to stretching by undergoing
a precise deformation makes them ideal transducers of force from the outside to the inside of
cells, initiating signaling cascades that, in turn, trigger specific physiological responses
(Gillespie and Walker, 2001). To test this hypothesis, we used activation of the p42/p44 MAPK
pathway as our endpoint. This important cytoprotective signal pathway is maximally activated
within 15 minutes of the initiation of cyclic stretching in AECs (Correa-Meyer et al., 2002).
Using an antibody that we have previously shown to bind to and inhibit the function of the
a3 laminin subunit, we have provided evidence that laminin 6 is one link in the molecular
pathway that transmits an outside-in mechanical signal (Baker et al., 1996). It should be realized
that this pathway is distinct from the recently detailed growth-factor-receptor circuitry involved
in mechanical signaling in bronchial airway cells (Tschumperlin et al., 2004).

We initially assumed that laminin 6 would transduce a signal via its interaction with an integrin
at the surface of AECs, because the role of integrins in signal transduction is well established
(Howe et al., 1998; Hynes, 1992; Hynes, 2002). There are several potential integrin receptors
for laminins containing the a3 laminin subunit, including the integrin heterodimers a64,
a3pl and a6P1 (Carter et al., 1991; Jones et al., 1998). Our primary AECs do not produce the
B 4 integrin subunit, as assessed by immunoblotting and immunofluorescence using a
polyclonal antibody against the 4 integrin subunit that recognizes B4 integrin in rat bladder
cells (not shown). By contrast, rat AECs produce p1-containing integrin heterodimers. Thus,
we focused on testing the hypothesis that f1-subunit-containing integrin heterodimers mediate
the signal initiated by stretching that impacts MAPK activation in AECs. We did so using an
antibody that inhibits rat B1-integrin function. However, function-perturbing antibodies against
both B1 and a3 integrins, as well as the RGD peptide, which inhibit the activity of a range of
integrin receptors, fail to block stretching-induced p42/p44 MAPK activation in AECs (Hynes,
1992; Hynes, 2002).

If integrins are not involved in mediating mechanical signaling in AECs, what senses matrix
deflections at the surface of these cells? A candidate receptor for mediating laminin-6 signaling
is dystroglycan. Dystroglycan is best known as a component of the dystrophin-glycoprotein
complex, whose absence or abnormality leads to muscular dystrophies and several types of
cardiomyopathy (Michele and Campbell, 2003). This complex plays a structural role in muscle
by forming a mechanically strong link between the sarcolemma and actin, but whether it
transduces signals is controversial (Michele and Campbell, 2003; Rybakova et al., 2000;
Spence et al., 2004). When bound to laminin, dystroglycan is reported to inhibit MAPK
activation (Ferletta et al., 2003). In epithelial cells, the functions of dystroglycan are not clear,
although it is believed to be primarily a structural protein involved in basement-membrane
assembly, growth control, cytoskeleton organization, development of cell polarity and
epithelial morphogenesis (Durbeej et al., 2001; Muschler et al., 2002).

Our study provides the first evidence that dystroglycan is a component of a distinct molecular
pathway that transduces mechanical signals from the outside to the inside of AECs. The binding
site for dystroglycan on laminins resides within the C-terminal G-domain modules of the a
laminin subunit (Ido et al., 2004). Hence, because the a.3 subunit lacks these modules, we
presume that dystroglycan does not directly bind laminin 6 in the matrix of AECs (Ferletta et
al., 2003; Timpl et al., 2000; Yu and Talts, 2003). Rather, dystroglycan probably interacts with
the perlecan secreted by AECs. Indeed, previous biochemical data and the results of the present
study support a model for integrin-independent, matrix-driven mechanotransduction in AECs.
In our model, perlecan binds dystroglycan located in the membrane of AECs and interacts with
laminin 6 in the matrix via nidogen (Talts et al., 1999) (Fig. 8). Moreover, our data indicate
that stretching induces deformational changes in the supramolecular organization of the
copolymers of laminin 6 and perlecan. Furthermore, we hypothesize that the proteoglycan
perlecan relays these changes at the surface of AECs via its interaction with dystroglycan. At
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the surface of AECs, dystroglycan is the direct mediator of mechanical signaling and activates
p42/p44 MAPK (Fig. 8). The ability of dystroglycan to regulate MAPK might relate to their
existence as a complex at the cell surface, evidence for which has recently been reported
(Spence et al., 2004).

In summary, analyses of AECs and their response to stretching support a major role for
dystroglycan in mediating integrin-independent, matrix-driven mechanotransduction in AECs.
Our studies hold implications not only for the ways epithelial cells sense and respond to
mechanical stimulation in general but also for the pathophysiology of certain lung diseases.
Specifically, AECs undergo stretching when the lung is mechanically ventilated with high lung
volumes. This might be injurious, leading to the failure of the epithelial sheet that covers the
lung surface (Liu etal., 1999). Our results suggest that mechanically induced MAPK activation
functions as a protective mechanism to ameliorate potential damage caused by overdistention
of AECs. There is precedent for this because activation of MAPK pathways is known to
promote the survival of several cell types, most notably in the nervous and immune systems
(Bonni et al., 1999; Holmstrém et al., 2000). Defining the precise molecular pathway(s) by
which AECs respond to mechanical stretching and elicit survival signals might lead to the
design of strategies to protect the alveolar epithelium against injury induced by positive-
pressure ventilation (Matthay et al., 2003; Sznajder, 2001).
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Fig. 1.

Matrix organization of AECs. AECs at 2 and 4 days after isolation were processed for double-
label indirect immunofluorescence microscopy using antibodies against perlecan (A, D) in
combination with an antiserum against the f1 laminin subunit (B, E). Images of cells were
generated using confocal laser scanning microscopy. The focal plane was as close as possible
to the substratum-attached surface of the cells. Areas of co-localization are indicated by the
yellow color in the overlay images shown in C, F. Bar, 10 pum.
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Fig. 2.

AECs maintained in culture secrete a laminin-6-rich matrix. AECs at 4 days after isolation
were processed for double-label indirect immunofluorescence using antibodies against the o3
laminin subunit (A, D) in combination with antibodies against either 1 laminin (B) or y1
laminin (E). (G-I) Cells were processed with a mix of antibodies against y1 and p1 laminin
subunits, as indicated. (J-L) Cells were processed with a mix of antibodies against a3 and 2
laminin subunit, as indicated. Specimens were viewed by confocal laser-scanning microscopy
with the focal plane being as close as possible to the substrate-attached surface of the cells.
Yellow color in the overlays in C, F, | marks colocalized protein. (L) The lack of yellow
indicates the absence of colocalization of laminin subunits. Bar, 10 um.
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Fig. 3.

Perlecan and nidogen colocalize in the matrix of AECs maintained in vitro. AECs at 4 days
after isolation were processed for double-label indirect immunofluorescence using a
monoclonal antibody against perlecan (A) and an antiserum against nidogen (B). Confocal
laser-scanning images of the cells were generated at a focal plane as close as possible to the
substrate-attached surface of the cells. The yellow color in the overlay in C indicates where
perlecan and nidogen co-distribute. Bar, 10 um.
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Laminin subunit and dystroglycan expression by AECs in vitro. (A) Extracts of AECs (at 4
days after plating) and the rat bladder-cell line 804G were prepared for western immunoblotting
using antibodies against B1, y1, a3, $3, y2 and 2 laminin subunits. (B) A matrix preparation
derived from AECs at 4 days after plating was processed for immunoblotting using antibodies
against the a3, pland y1 laminin subunits. (C) An immunoblot of an AEC extract at 4 days
after plating was processed using the B-dystroglycan antibody 8D5. Molecular weight
standards are marked at the left of each series of blots.
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Laminin matrix organization of AECs maintained on a deformable substrate in vitro. AECs,
maintained for 4 days on elastomer membranes, were prepared for confocal indirect
immunofluorescence microscopy using antibodies against the a3 laminin subunit (A). Notice
the fibrillar arrays of matrix proteins recognized by the antibodies. (B) Phase-contrast image
of the cells shown in A. Bar, 10 um.
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Fig. 6.

Laminin fibers in the matrix of AECs undergo deformation upon stretching. (A) The a3 laminin
subunit in native matrix of AECs maintained on an elastomer membrane was immunostained
and then the membrane was mounted on the stage of a fluorescent microscope. The membrane
was then subjected to cyclic stretching for 10 minutes and then allowed to relax. Images of
matrix were captured before, during and after stretching, and colorized in green, red and blue,
respectively, as indicated in A. An overlay of the color images is shown. (B) Graphical
representation of the changes in area enclosed by the matrix fiber network and fiber length
during stretching and following stretching (relaxed). Each measurement is relative to that of
unstretched matrix and represents eight different lengths and areas in three independent trials.
*, P<0.001. Bar, 10 um (A).
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Fig. 7.

The role of matrix molecules and their associated proteins in stretching-mediated signaling.
AECs maintained for 4 days on elastomer membranes were subjected to 10% stretching at 30
cycles per minute for 10 minutes. (A) Immunoblots of extracts of AECs, either unstretched (-)
or subjected to the stretch regimen (+), probed first with antibodies against phosphorylated
MAPK. The same blots were then reprobed with antibodies against total MAPK. The blots are
representative of at least three separate trials. The static and stretched cells were incubated in
the presence (+) or absence (—) of antibodies that functionally inhibit the a3 laminin subunit
(50 pug mI™1), a3 integrin (50 ug mi~1), p1 integrin (50 ug mi~1) or dystroglycan (40 g
ml~1), as indicated, for 18 hours before stretching. The bar graphs in B are quantifications of
the densitometric scans of immunoblots of extracts derived from AECs in three separate trials
following 10% stretching at 30 cycles per minute for 10 minutes in the presence of various
cell-surface and matrix antibody antagonists or reagents, or following infection with
adenovirus encoding either control or dystroglycan shRNA. Blots were probed first with
antibodies against activated p42/p44 MAPK and then with antibodies against total p42/p44
MAPK. In each case, the extent of phosphorylation of p42/p44 MAPK in stretched AECs was
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normalized to the total level of MAPK in the same sample. The percentage phosphorylation
was calculated relative to untreated, stretched values in each set of studies. Error bars indicate
standard deviations. (C) AECs were infected with adenovirus encoding either control or
dystroglycan shRNA at 2 days after plating. 24 hours later, the cells were washed and incubated
for 18 hours in serum-free medium. Extracts of uninfected and infected cells were then prepared
for SDS-PAGE and immunoblotting using a monoclonal antibody against g-dystroglycan. The
same immunoblot was then reprobed with an antibody against actin.
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Fig. 8.

The organization of matrix components and matrix receptors that mediates outside-in
mechanical signaling in AECs. Stretching deflects matrix fibers that (as our data indicate)
transduce signals via dystroglycan at the surface of AECs.
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