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In alveolar epithelial cells (AECs), the membrane-anchored
proteoglycan dystroglycan (DG) is a mechanoreceptor that
transmits mechanical stretch forces to activate independently
the ERK1/2 and the adenosine 5'-monophosphate-activated
protein kinase (AMPK) signaling cascades in a process called
pathway bifurcation. We tested the hypothesis that the cy-
toskeleton cross-linker plectin, known to bind both DG and
AMPK in muscle cells, acts as a scaffold to regulate DG-medi-
ated mechanical stimulation and pathway bifurcation. We
demonstrate that plectin and DG form a complex in AECs and
that this complex interacts with ERK1/2 and AMPK. Plectin
knockdown reduces DG interaction with AMPK but not with
ERK1/2. Despite this, mechanoactivation of both signaling
pathways is significantly attenuated in AECs deficient in plec-
tin. Thus, DG has the dual role of mechanical receptor and
scaffold for ERK1/2, whereas plectin acts as a scaffold for
AMPK signaling but is also required for DG-mediated ERK1/2
activation. We conclude that the DG-plectin complex plays a
central role in transmitting mechanical stress from the extra-
cellular matrix to the cytoplasm.

In the lung, alveolar epithelial cells (AECs)? not only medi-
ate the exchange of gases between the circulation system of
the host and its external environment but are also highly re-
sponsive to a number of mechanical forces (1). These forces
include deformation and strain that occur during lung expan-
sion and relaxation from breathing movements, and shear
stress during the distension of the airway walls and blood ves-
sels from bulk air and blood flow (2). Over the past few years,
there has been increasing interest in identifying molecules
that “sense” physical forces on the cell surface and in defining
the signaling pathways activated by mechanical stimulation
(1, 3-6). Stretch-activated ion channels, integrins, cell-cell
adhesion molecules, cytoskeleton elements, and the extracel-
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lular matrix (ECM) have all been implicated in transducing
mechanical signals in a manner that is detectable as chemical
signals (e.g. protein phosphorylation) in the cytoplasm of the
stimulated cell (1, 7).

We are interested in investigating the molecular underpin-
nings of cellular responses to physical force in rat AECs. In
particular, we have previously tested the hypothesis that ma-
trix molecules secreted by cultured AECs and transmembrane
matrix receptors on the substratum surface of these cells are
crucial molecular links in the process of “converting” a me-
chanical stimulus in the form of cyclic stretching into a cyto-
plasmic signal (8). Specifically, in prior studies we demon-
strated that rat AECs assemble an ECM rich in fibers
composed of the a3, B1, and y1 subunits of laminin (laminin-
311), complexed with perlecan and nidogen (8). This complex
transmits mechanosignals in the form of stretch, via the ma-
trix receptor dystroglycan (DG), to activate ERK1/2 (8).
Moreover, we have also shown that DG is required for
stretch-induced activation of the adenosine 5’-monophos-
phate-activated protein kinase (AMPK) signaling cascade in
AECs in vitro and in vivo (9).

DG is a transmembrane cell surface protein expressed in
muscle and the nervous system, as well as in epithelia and
endothelia (10, 11). DG was first identified as a laminin-bind-
ing protein in the brain and also as a component of a multi-
meric transmembrane protein complex known as the dystro-
phin-glycoprotein complex in muscle (12-15). There is only
one gene (dystrophin-associated glycoprotein 1) coding for
DG in vertebrates, and its corresponding amino acid sequence
is highly conserved (15, 16). Translation of the dystrophin-
associated glycoprotein 1 mRNA gives rise to a polypeptide
chain that is proteolytically cleaved into two noncovalently
associated proteins, namely a-DG and 8-DG (13, 17). On the
cytoplasmic side of muscle cells, B-DG interacts with the ac-
tin cytoskeleton via utrophin and dystrophin, although in the
extracellular milieu a-DG interacts with laminin (18 —20). In
addition, B-D@ associates indirectly with desmin intermedi-
ate filaments via its interaction with plectin, a high molecular
weight cytoskeletal cross-linker protein that has important
roles in mechanical stabilization of cells and tissues (21, 22).

The associations listed above highlight the well docu-
mented important structural role that DG plays in mediating
cytoskeleton-cell surface interactions in muscle cells. How-
ever, the functions of DG in non-muscle cells are just begin-
ning to emerge (8, 9, 23-25). There is evidence that DG regu-
lates matrix assembly in epithelial cells (26). In addition, the
concept of outside-in signaling that is commonly associated
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with integrins (27-29) is also applicable to DG given the re-
cent finding that laminin-DG engagement results in tyrosine
phosphorylation of the 3-DG cytoplasmic tail and thus dis-
rupts DG binding to dystrophin/utrophin, thereby regulating
DG-actin association (30). Moreover, our previous results
directly implicate DG in two signal transduction pathways
initiated by cyclic stretching of cultured rat AECs, namely the
ERK1/2 and AMPK cascades (8, 9).

How DG regulates ERK1/2 and AMPK mechanoactivation
is unknown. In this study, our goal was therefore to identify a
molecular partner for DG in rat AECs that is involved in the
transmission of mechanical signals to activate these two dis-
tinct signaling pathways. We surmised that a good candidate
is a cytoskeletal component that is strategically positioned for
both mechanical sensing and signaling. Thus, we hypothe-
sized that the cytoskeletal cross-linker plectin may mediate
mechanical stretch force transmission via DG. Our results
indicate that plectin is expressed in AECs and not only forms
a complex with DG but is also necessary for DG-mediated
mechanical signaling.

EXPERIMENTAL PROCEDURES

Antibodies and Other Reagents—Polyclonal rabbit antibod-
ies against lamin A/C, AMPK, ERK1/2, phosphorylated
ERK1/2, phosphorylated acetyl-CoA carboxylase (ACC), and
the monoclonal rabbit antibody against total ACC were pur-
chased from Cell Signaling Technology Inc. (Beverly, MA).
The rabbit monoclonal antibody against plectin was obtained
from Epitomics (Burlingame, CA). The mouse monoclonal
antibodies against B-DG (8D5 and MANDAG2/7D11) were

obtained from Abcam Inc. (Cambridge, MA) and Dr. Glenn E.

Morris (RJAH Orthopaedic Hospital, Oswestry, UK), respec-
tively. Mouse monoclonal antibody against vimentin was pur-
chased from Pharmingen. Cytochalasin D, the actin-disrupt-
ing drug, was purchased from Sigma. Pan-keratin rabbit
polyclonal antibody was a gift from Dr. Robert D. Goldman
(Northwestern University), and the microtubule-depolymer-
izing drug (colcemid) and mouse monoclonal antibody
against tubulin (DM1a«) were gifted by Dr. Vladimir Gelfand
(Northwestern University). The function-blocking mouse
monoclonal antibody (CM6) against the a3 laminin subunit
was described previously (8). The specific AMPK inhibitor,
compound C, was obtained from Calbiochem/EMD Bio-
sciences Inc., and the MEK1/2 inhibitor, U0126, was pur-
chased from Promega (Madison, W1).

Isolation of AECs—All studies using animals were approved
by the Northwestern University Animal Care and Use Com-
mittee. Type II AECs were isolated from pathogen-free male
Sprague-Dawley rats (200-225 g) as described previously (8,
31). Briefly, the lungs were perfused via the pulmonary artery,
lavaged, and digested with elastase (3 units ml~*; Worthing-
ton). AECs were purified by differential adherence to immu-
noglobulin G, and cell viability was assessed by trypan blue
exclusion (>95%). Cells were resuspended in Dulbecco’s
modified Eagle’s medium (Sigma) containing 10% fetal bovine
serum (Hyclone, Logan, UT) with 2 mm glutamine, 100 units
ml ™! penicillin, 0.25 pg ml~ ' amphotericin B, and 100 ug
ml ™" streptomycin. For mechanical stretch experiments,
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~0.75-1.0 X 10° AECs were seeded in 6-well, 35-mm lami-
nin, YIGSR peptide-coated and elastomer-bottomed Bioflex®
plates (Flexcell International, Hillsborough, NC). For immu-
nofluorescence assays on YIGSR-peptide-coated glass cover-
slips, about 0.15—-0.2 X 10° cells were seeded. All cells were
incubated in a humidified atmosphere of 5% CO,, and 95% air
at 37 °C. The day of isolation and plating was designated cul-
ture day 0. The purity of the AECs was determined to be 90 +
5% by phase microscopic evaluation of epithelial cell mor-
phology and by immunofluorescence microscopy using kera-
tin antibodies as a marker of epithelial phenotype and vimen-
tin antibody as a marker for mesenchymal cells (supplemental
Fig. S1, A-F).

Cultured RLE-6TN Cells—RLE-6TN (rat lung epithelial-T-
antigen negative) cells were a gift from Dr. Karen Ridge
(Northwestern University) and were used as controls for im-
munofluorescence staining against rat vimentin protein.
These cells are rat alveolar type II cells that have been immor-
talized and transformed with the SV40-T antigen gene as de-
scribed previously (32). Cells were resuspended in Nutrient
Mixture F-12 Ham’s medium (Sigma) containing 10% fetal
bovine serum with 2 mm glutamine, 100 units ml~* penicillin,
0.25 ug ml~ ! amphotericin B, and 100 ug ml~! streptomycin.
Cells were used after 8 passages in culture and seeded at a
density of 0.05 X 10° for 3 days before being fixed and stained
for immunofluorescence. All cells were incubated in a humid-
ified atmosphere of 5% CO, and 95% air at 37 °C.

Cyclic Stretching—AECs cultured for 3 days on Bioflex®
culture plates were serum-starved for 24 h, and the cells were
subjected to equibiaxial stretching (i.e. equal stretching in
both x and y axis directions) the next day using the Cyclic
Strain Unit FX-4000 (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 the Bioflex® plates using the Flexercell device with
loading stations in place to impose equibiaxial stretching at 30
cycles per min and a stretching/relaxation ratio of 1:1, result-
ing in a 10% linear elongation of the membrane as measured
microscopically. This is the same regimen that we have used
in previous reports (8, 9, 33). Cells maintained on unstretched
Bioflex® plates served as static controls.

Adenoviral Infection—W e have previously described how
recombinant adenoviruses encoding short hairpin RNAs
(shRNAs) against rat DG were created and used (8), and rat
plectin-specific shRNAs were created in a similar manner.
Briefly, two sets of single-stranded oligonucleotides encoding
the plectin shRNA and its complement were synthesized by
Invitrogen as follows: 2736 forward, AAAAGCAACTGAATG-
AGTACAAAGGTTCGCCTTTGTACTCATTCAGTTGC, and
2736 reverse, CACCGCAACTGAATGAGTACAAAGGCGAA-
CCTTGTAACTCATTCAGTTGC; 6615 forward, AAAAGCA-
GCAGACTCTTCAGCAAGATTCGTCTTGCTGAAGAGTC-
TGCTGC, and 6615 reverse, CACCGCAGCAGACTCTTCA-
GCAAGACGAATCTTGCTGAAGAGTCTGCTGC.

The sequences were selected using an algorithm provided
by Invitrogen. Each oligonucleotide pair was annealed, ligated
into the pENTR/U6 vector, and used to transform competent
Escherichia coli cells following an established protocol (In-
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vitrogen). Plasmid DNA was isolated from the kanamycin-
resistant colonies and sequenced. The pENTR/U6 construct
was used in a recombination reaction with the adenoviral vec-
tor pAD/BLOCK-iT-DEST (Invitrogen), and the resulting
shRNA adenoviral vector was linearized by Pacl restriction
digest and transfected into 293A cells using Lipofectamine
following Invitrogen protocols. An adenoviral vector contain-
ing no DNA was used as a negative control. 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 viral concentration
was determined. In experiments involving DG knockdown,
the adenoviral shRNA against DG was added to cells at a mul-
tiplicity of infection of 1:10, similar to our previous studies (8,
9). However, for plectin knockdown experiments, we did not
detect appreciable knockdown with each individual virus at a
multiplicity of infection below 1:100. Therefore, AECs were
infected with a mixture of the two viruses on day 2 at a total
multiplicity of infection of 1:50 (1:25 of each). 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 at a
multiplicity of infection of 1:10 (for DG) or 1:50 (for plectin).
Medium containing the virus was replaced the next day with
fresh serum-free medium, and assays were performed 2 days
after infection.

Immunofluorescence Microscopy—To immunostain for tu-
bulin, keratin, and vimentin, the AECs or RLE-6TN cells on
glass coverslips were extracted for 2 min in a 50:50 mixture of
ice-cold acetone/methanol. To immunostain for actin, the
AECs were fixed in a 3.7% formaldehyde/phosphate-buffered
saline (PBS) solution for 15 min followed by 5 min of incuba-
tion in 25 mm ammonium chloride. To immunostain for DG/
plectin, the AECs were fixed for 5 min in a solution of 40:10:
5:45 acetone/formaldehyde (37% stock)/glacial acetic acid/
water followed by an additional 5 min of wash in PBS. The
cells were then incubated in blocking buffer (5% bovine serum
albumin (BSA) in PBS) for an hour followed by incubation in
appropriate primary antibodies in blocking buffer for another
hour. After several washes with PBS, the cells were incubated
in secondary antibodies in blocking buffer for another hour,
washed again, and then mounted onto slides. All incubations
involving glass coverslips were done at room temperature. In
the case of immunofluorescence assays on Bioflex® plates, the
cells were immediately washed in ice-cold PBS after mechani-
cal treatment (static control or cyclic stretching). Cell fixa-
tion, immunostaining, and washing were all done on the
Bioflex® plates at 4 °C, before the membranes were cut out
and mounted onto slides. Prepared slides were viewed on a
Zeiss LSM 510 laser-scanning confocal microscope (Carl
Zeiss, Thornwood, NY) with either 40X Plan-NeoFluar 1.3
NA oil or 63X Plan-Apochromat 1.4 NA oil. The Zeiss Image
Viewer software was used to export microscope images in the
8-bit TIFF format, which were subsequently imported into
GIMP 2.6 (The GIMP Team) and Photoshop CS2 (Adobe Sys-
tems Inc., San Jose, CA) to generate figures.

Drug and Antibody Treatment—We first determined the
minimum quantity of drug and time required for cytoskeleton
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disruption by processing AECs, 4 days post-isolation, for im-
munofluorescence using rhodamine-labeled phalloidin and
tubulin antibody at various times after treatment. Treatment
with 5 um cytochalasin D for 1 h induced optimal disruption
of the actin cytoskeleton, although 5 um colcemid for 1 h in-
duced disassembly of the microtubule network. For blocking
AMPK activation (34) or ERK1/2 activation, AECs were
treated with 200 nm of compound C or 10 M of U0126, re-
spectively, for 1 h.

Immunoprecipitation—AECs were seeded on 100-mm plas-
tic dishes at a density of 5 X 10° per dish. On day 4 post-isola-
tion, the cells were washed in cold PBS and lysed in RIPA
buffer (0.1% SDS, 0.5% sodium deoxycholate, 1% Nonidet
P-40, 1 mm EGTA, 1 mm EDTA, 150 mm NaCl in 50 mm Tris-
HCI, pH 7.5) containing a mixture of protease and phospha-
tase inhibitors. The cell lysate was sheared using a syringe
fitted with a 25%-gauge needle to denature DNA, incubated
in ice for 30 min, and centrifuged to pellet debris, and the su-
pernatant was pre-cleared with agarose G beads. Supernatant
was then divided into two portions with primary B8-DG anti-
body (7D11) or plectin antibody being added to one portion
of the supernatant and control isotype-matched antibody
(mouse IgG for 7D11, rabbit IgG for plectin antibody) to the
second portion. Both were incubated overnight at 4 °C. Aga-
rose protein G beads were then used to pull down immuno-
complexes from the supernatants, and the precipitated pro-
teins were collected from the beads by incubation in sample
buffer (80 mm Tris, pH 6.8, 3% SDS, 35% glycerol, 10% [3-mer-
captoethanol). The sample buffer was heated to 100 °C for 3
min and subsequently processed for SDS-PAGE and Western
immunoblotting.

SDS-PAGE and Immunoblotting—Whole-cell extracts were
prepared by solubilizing AECs in sample buffer consisting of
8 M urea, 1% SDS in 10 mm Tris-HCI, pH 6.8, and 15% (3-mer-
captoethanol (35). These extracts and immunoprecipitates
were separated by SDS-PAGE, transferred to nitrocellulose,
and processed for immunoblotting as described previously
(35-37). Immunoreactive antibodies against DG (8D5),
AMPXK, plectin, phospho-ERK1/2, phospho-JNK, or phospho-
ACC (a downstream target of activated AMPK) were used
and detected by enhanced chemiluminescence (Thermo Sci-
entific, Rockford, IL). To control for protein loading, a set of
gels was prepared in parallel, loaded with an equal volume of
samples, and probed with antibodies against total ERK1/2,
total ACC, total JNK, or lamin A/C. Immunoblots were
scanned using Photoshop CS2 (Adobe Systems Inc., San Jose,
CA) and quantified using MetaMorph (Molecular Devices,
Downingtown, PA). Results from at least three independent
experiments were combined and are presented as means =
S.E.

Data Analyses—All data sets were initially compared by
analysis of variance. Significant differences between experi-
mental conditions were explored with two-tailed, paired Stu-
dent’s t tests using STATA 10 (StataCorp LP, College Station,
TX). A significant difference was prospectively identified as
p <0.05.
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FIGURE 1. Laminin-311 and DG in activation of mechanosignaling in AEC. A-D, day 3 AECs were serum-starved for 24 h with untreated media (normal)
or with media containing isotype-matched antibody (50 ng/ml) or the function-inhibiting antibody (CM6) against the a3 laminin subunit (LN a3 Ab) (50
ng/ml). E-H, day 2 AECs were incubated in untreated media (normal) or in media treated with adenovirus encoding either DG (ADG) or human lamin shRNA
(Ah-lamin), as indicated. One day later, the cells were switched to serum-free media for 24 h. A-H, cells were exposed to equibiaxial stretch at 30 cycles per
min for 10 min. Cell lysates were collected and immunoblotted against phosphorylated ACC (pACC) (as a marker for AMPK activation), total ACC (tACC),
phosphorylated ERK (pERK), total ERK (tERK), phosphorylated JNK (pJNK) or total JNK (tJNK). In addition, extracts were probed with antibodies against DG
and plectin to demonstrate knockdown of DG and that DG deficiency had no impact on plectin expression. Lamin A/C was used as a housekeeping loading
control. The a3 laminin subunit antibody significantly reduced mechanical activation of the ERK1/2, AMPK, and JNK pathways. DG knockdown resulted in
attenuated mechanoactivation of both AMPK and ERK1/2 but not JNK. All blots are representative of at least three independent experiments. p values in

B, C, D, F, and G denote significance.

RESULTS

Cyclic Stretch Activates INK and AMPK in a Laminin-311-
dependent Manner in AECs—In a previous study we demon-
strated that a function-blocking &3 laminin antibody (CM6)
inhibits stretch activation of ERK1/2 in AECs (8). In addition
to ERK1/2, several other pathways are activated in AECs by
the stretch regimen we use, including the AMPK signaling
cascade and the JNK pathway (Fig. 14) (9, 38). To assess
whether the a3 laminin subunit blocking antibody also inhib-
ited these other pathways, AECs were subjected to stretch in
the presence of the blocking antibody CM6 or control IgG,
and then extracts of the cells were probed by immunoblotting
with antibodies against phosphorylated ACC and JNK (Fig.
1A). The antibody against phosphorylated ACC is targeted
against phosphoserine 79, a residue specifically phosphory-
lated by AMPK and not by protein kinase A (the alternative in
vivo kinase for ACC) (39 —42). Blockade of the laminin a3
subunit results in the attenuation of mechanical activation of
both AMPK and JNK (Fig. 1, A-D).

We have also previously shown that DG mediates stretch
activation of the ERK1/2 and AMPK pathways in AECs (8, 9).
Thus, we tested whether DG is required for JNK activation in
mechanically stimulated AECs. To do so, we delivered shRNA
against DG to AECs with adenovirus, which results in a
knockdown in DG expression of =90% at 48 h post-infection
compared with uninfected or control shRNA-treated cells
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(Fig. 1E) (8,9). In extracts of AECs exhibiting DG knockdown,
there is a dramatic attenuation of stretch-induced activation
of ERK1/2 and AMPK, consistent with our previous studies
(Fig. 1, E-G) (8, 9). However, DG knockdown does not impact
JNK signaling induced by stretch (Fig. 1, E and H). These data
indicate that DG is required for ERK1/2 and AMPK mech-
anoactivation in AECs, whereas a second mechanoreceptor,
working through laminin-311/nidogen/perlecan, is required
for activation of the JNK pathway in AECs. The identity of
this receptor has yet to be determined.

Cyclic Stretch Activates Distinct, Independent Pathways in
AECs—To assess whether DG in AECs activates the ERK1/2
and AMPK pathways independently or whether these path-
ways in some way cross-activate, we used a pharmacological
approach involving U0126, used to block ERK1/2 activation
by inhibiting MEK1/2, and compound C, which inhibits
AMPK activation (Fig. 24). We first determined the concen-
trations of each of these reagents needed to block the respec-
tive pathways (supplemental Fig. S2, A and B). U0126 shows
no impact on stretch-induced activation of AMPK while
blocking ERK1/2 mechanoactivation, consistent with our pre-
vious results (Fig. 2, B-D) (9). On the other hand, inhibiting
AMPK activation using compound C does not block stretch-
induced activation of ERK1/2 (Fig. 2, E-G). In other words,
the mechanical stimulus transmitted through DG is bisected
to activate independently two separate pathways. Given that
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FIGURE 2. DG mediates the bifurcation of mechanical signals to activate ERK1/2 and AMPK independently. A, model showing that a priori DG can sig-
nal in AECs to mediate either pathway bifurcation or cross-activation of ERK1/2 and AMPK pathways. B-G, day 3 AECs were serum-starved for 24 h and then
they were incubated in untreated media (normal) or in media treated with vehicle (DMSO), U0126, or compound C (comp. c) for an hour prior to equibiaxial
stretch, as indicated. Cell lysates were immunoblotted against phosphorylated ACC (pACQ), total ACC (tACC), phosphorylated ERK (pERK), or total ERK (tERK).
Lack of effect in one pathway whereas the other is inhibited demonstrates that DG mediates pathway bifurcation of mechanical signals in AECs. All blots
are representative of at least three independent experiments. p values in C and G denote significance.

the ERK1/2 and AMPK pathways share a common mechani-
cal receptor yet they are distinct and have diverging down-
stream targets (43, 44), this is an example of signaling path-
way bifurcation.

Is the Cytoskeleton Involved in Stretch Activation of Signal
Pathways in AECs?—W e next focused on identifying media-
tors of DG mechanosignaling in AECs. Our starting point was
the ECM-receptor-cytoskeleton pathway, which Ingber (7)
renamed “the tensegrity model” of signal transmission. In the
model, mechanosignals are transduced through the structural
organization and interconnectedness of the cytoskeleton. Mi-
crotubules act as struts, and the actin and intermediate fila-
ment cytoskeleton function as cables that provide a physical
basis for translating mechanical forces into biochemical re-
sponses. Because this model predicts that transmembrane
receptors such as DG physically couple the internal cytoskele-
ton networks to the ECM for mechanical signal transfer
across the cell surface, we therefore investigated cytoskeleton
involvement in transducing mechanical signals via DG in
AECs. AECs possess networks of actin, tubulin, and keratin
(Fig. 4A and supplemental Fig. S3, A, D, and G). They do not
assemble a vimentin cytoskeleton network (supplemental Fig.
S1B). We treated AECs with cytochalasin D and colcemid to
disrupt the actin and microtubule cytoskeletons, respectively.
Vehicle treatment does not affect the actin, microtubule, or
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keratin cytoskeletal networks (supplemental Fig. S3, A, D, and
G). Collapse of the actin cytoskeleton is induced by cytochala-
sin D in AECs, but it has no effect on either the microtubule
or keratin networks (supplemental Fig. S3, B, E, and H). Like-
wise, depolymerization of the microtubule cytoskeleton in
AECs is induced by colcemid and has no effect on the actin
network (supplemental Fig. S3, C and F). In addition, we were
surprised to find that the keratin cytoskeleton is disrupted
after colcemid treatment (supplemental Fig. S31). Also sur-
prising is the finding that both ERK1/2 and AMPK in AECs
are robustly activated following stretch (Fig. 3, A—F) after cy-
tochalasin D or colcemid treatment, suggesting that cytoskel-
eton association is not directly involved in DG-dependent
mechanical signaling. This notion is further supported by the
observation that the cytoskeletons of AEC do not undergo any
dramatic reorganization following the stretch regimen we
used in our studies (Fig. 4D).

Plectin Knockdown Has No Effect on the Cytoskeletal Net-
works of AECs—Because plectin interacts with DG in muscle
cells and also has the ability to bind AMPK in these cells (22,
45), we hypothesized that plectin might mediate DG-depen-
dent pathway bifurcation in AECs. To test this hypothesis, we
first generated adenoviruses encoding plectin-specific ShRNA.
Two of our adenoviral stocks, encoding two distinct shRNAs
targeting different regions of plectin, are able to induce
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FIGURE 3. Cytoskeletal network disruption does not affect mechanical signaling in AECs. A-F, day 3 AECs were serum-starved. One day later they were
incubated in untreated media (normal) or in media treated with vehicle (DMSO) or with the indicated drugs at 5 um each for an hour. Cells were then ex-
posed to equibiaxial stretch at 30 cycles per min for 10 min; cell lysates were collected and subsequently immunoblotted against phosphorylated ERK
(PERK), total ERK (tERK), phosphorylated ACC (pACC). or total ACC (tACC). The results indicate that stretch-mediated pathway bifurcation and activation of
ERK1/2 and AMPK are independent of an intact cytoskeleton. All blots are representative for at least three independent experiments. cyto. d, cytochalasin D.

knockdown of plectin expression in rat AECs. Extracts of
AECs infected with a combination of these two viruses were
processed for immunoblotting at 48 and 72 h after infection
(supplemental Fig. S4A4). Plectin expression is maximally
reduced after 48 h by up to 72% compared with uninfected
or human lamin shRNA-treated cells (supplemental Fig.
S4B). We chose the 48-h time point for all subsequent ex-
periments involving plectin knockdown because it matches
our previous studies involving DG knockdown (8, 9) as well
as studies outlined here (Fig. 1, E-H). Plectin knockdown
has no obvious impact on the size and shape of AECs,
when compared with untreated cells or AECs infected with
human lamin shRNA (Fig. 4, A—F). Additionally, the actin,
microtubule, and keratin networks in plectin knockdown
cells are indistinguishable by immunofluorescence from
those in control AECs (Fig. 4, A—C). More importantly,
cyclic stretching has little discernible effects on the cy-
toskeletal architecture (Fig. 4, D—F).

Plectin Is Required for the Activation of ERK1/2 and AMPK
in Response to Mechanical Stretch—We next assessed the im-
pact of plectin deficiency on DG-mediated mechanical activa-
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tion of the ERK1/2 and AMPK pathways in AECs. It has been
reported that base-line activity of ERK1/2 is increased in
mouse keratinocytes deficient in plectin (46). We do not see
base-line activation of ERK1/2 or AMPK in plectin-deficient
AECs (compare static controls with or without shRNA, Fig. 5,
A-C). However, mechanoactivation of both ERK1/2 and
AMPK in AECs expressing plectin shRNA is significantly re-
duced when compared with uninfected or control shRNA-
treated cells (Fig. 5, A-C). In sharp contrast, plectin deficiency
has no impact on JNK signaling in mechanically stimulated
AECs (Fig. 5, A and D). These results suggest that plectin is
not a global mechanosensor in AECs whose knockdown dis-
rupts multiple signaling cascades. Rather, plectin seems to be
involved in a specific cooperative and synergistic relationship
with DG to mediate mechanical signaling of two particular
pathways in AECs.

Plectin and DG Assemble as a Scaffolding Complex of Sig-
naling Molecules in AECs—Although DG and plectin interact
directly in muscle cells (22), their association in AECs has not
been established. Immunofluorescence colocalization assays
demonstrate that 8-DG and plectin associate in AECs in pe-
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FIGURE 5. Plectin is required for pathway bifurcation in AECs. A-D, day 2 AECs were left untreated (normal) or were treated with adenovirus en-
coding either human lamin shRNA (Ah-lamin) or plectin shRNA (Aplectin), as indicated. One day later, the cells were serum-starved and then 24 h

later were exposed to equibiaxial stretch at 30 cycles per min for 10 min. Cell lysates were immunoblotted against phosphorylated ACC (pACC), total
ACC (tACQ), phosphorylated ERK (pERK), total ERK (tERK), phosphorylated JNK (pJNK), or total JNK (tJNK). Cell lysates were also immunoblotted using

antibodies against DG and plectin to demonstrate that knockdown of plectin had no impact on DG expression. Plectin knockdown resulted in atten-
uated mechanoactivation of both AMPK and ERK1/2 but not JNK. All blots are representative of at least three independent experiments. p values in B

and C denote significance.

rinuclear focal adhesion sites (Fig. 6A4). To further confirm
this association, we then performed immunoprecipitation
assays on lysates of untreated, plectin-, or DG shRNA-
treated AECs. Immunoblotting demonstrates that the DG
antibody, but not control mouse IgG, is able to immuno-
precipitate both DG and plectin from lysates of AECs (Fig.
6B). The DG antibody also coimmunoprecipitates both
ERK1/2 and AMPK (Fig. 6B). In plectin-deficient AECs, the
DG antibody immunoprecipitates only DG and ERK1/2 but
not plectin and AMPK (Fig. 6B). In reciprocal immunopre-
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cipitation assays, immunoblotting demonstrates that the
plectin antibody, but not control rabbit IgG, immunopre-
cipitated both plectin and DG from lysates of AECs (Fig.
6C). Like the DG antibody, the plectin antibody also coim-
munoprecipitates both ERK1/2 and AMPK (Fig. 6C). How-
ever, in DG-deficient AECs, only plectin and AMPK but
not DG and ERK1/2 are immunoprecipitated (Fig. 6C).
Thus, our results demonstrate that DG forms a scaffolding
complex with plectin in AECs that recruits and tethers the
kinases ERK1/2 and AMPK.

JOURNAL OF BIOLOGICAL CHEMISTRY 6307



Signal Transduction in Lung Cells

A YIGSR-coated glass

DG plectin

B input IP: DG
T ..(_,E) normal Aplectin
E 2 0 0 OO
o S— D Ao 2 A
DG = e -
plectin s —— —

tERK1/2 - e —_— -
TAMPKO ot~

overlay

C input IP: Plectin
© normal ADG
£ O 2} )
322 %2
DG @y -
plectin e e == ==
ERK1/2 e ==
tAMPKQ —— - .
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encoding either plectin shRNA (Aplectin) or DG shRNA (ADG), as indicated. One day later, the cells were serum-starved, and the next day cell lysates were
then prepared for immunoprecipitation (/P) using anti-B-DG or anti-plectin antibodies as well as their respective species-matched IgG controls. Precipitated
proteins were subjected to immunoblotting using antibodies against DG, plectin, ERK1/2, and AMPK. Results indicate that DG recruits ERK1/2 to the com-
plex, whereas plectin recruits AMPK. Plectin knockdown blocks DG association with AMPK but not with ERK1/2, although DG knockdown blocks plectin as-
sociation with ERK1/2 but not with AMPK. All blots are representative of at least three independent experiments.

DISCUSSION

Our data indicate that plectin is an important mediator of
mechanosignaling in lung cells. In this regard, plectin is not
traditionally associated with signaling. Rather, plectin is best
known for its role binding to intermediate filaments, actin,
and microtubules and as a mechanical stabilizer of cells and
tissues by cross-linking cytoskeleton systems (21, 47). For ex-
ample, humans with a mutation in the plectin gene that re-
sults in plectin deficiency develop skin blistering and muscu-
lar dystrophy (48, 49). The former is due to destabilization of
keratinocyte adhesion to the ECM (50), although the latter is
due to an absence of desmin interaction with DG in the dys-
trophin-associated glycoprotein complex of muscle cells (51).
Thus, one explanation for our results is that plectin functions
as a molecular Velcro that mechanically couples the cytoskel-
eton framework within AECs to the cell surface mechanical
receptor(s) and their downstream signaling machinery. This
possibility seems unlikely because we observe very little effect
on the overall organization of the cytoskeleton in cells exhib-
iting plectin deficiency both before and after mechanical
stretch. More importantly, disruption of the actin and micro-
tubule cytoskeletons following treatment with drugs fails to
impact stretch-activated signaling in AECs. We can also rule
out a role for the keratin cytoskeleton because AMPK and
ERK1/2 mechanoactivation are preserved despite the rather
dramatic and unexpected effect of colcemid on keratin orga-
nization in these cells. We are somewhat surprised by these
cytoskeleton studies because we had predicted that the cy-
toskeleton would be involved in mechanosignaling in AECs
based on the tensegrity model.
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In lung cells, we have demonstrated that plectin functions
as a mechanosignaling scaffold, a finding consistent with
other indications that plectin is an important signaling regula-
tor. For example, plectin interacts with the nonreceptor tyro-
sine kinase Fer and attenuates its catalytic activity (52). Plec-
tin also binds the scaffold for many kinases and receptors
called the receptor for activated C kinase 1 (RACK1), thereby
reducing the ability of RACK1 to scaffold and participate in
signaling (53, 54). These examples involve signal inhibition by
scaffold sequestration. In our system, plectin is a positive reg-
ulator of signaling. Indeed, this function is more akin to that
of scaffolds that increase the efficiency of signal propagation
through kinase cascades (55, 56), serving as adapters for ki-
nase cascade activation via cross-linking kinases to their up-
stream or downstream partners (57, 58), and linking multiple
components of a specific pathway by assembling unique sig-
naling complexes (59). A classic example of such a scaffold is
the yeast protein Ste5 involved in the ERK1/2 pathway. Ste5 is
required for mating but not for the high osmolarity or starva-
tion responses (60). Another scaffold protein Stell functions
in at least three separate signaling pathways as follows: mat-
ing, the filamentous pathway, and the high osmolarity glycerol
response (60). Because these three pathways share a common
scaffold and yet are activated by different stimuli, Stel1 has
evolved to activate only a single pathway in the presence of a
specific stimulus, a phenomenon that is termed “pathway in-
sulation” (60).

As we have reported here, mechanical signaling in AECs via
plectin involves regulation of two signaling cascades that are
activated by the same receptor (DG) from a single stimulus, a
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process termed pathway bifurcation. Plectin is clearly a mo-
lecular partner for DG to effect this bifurcation. Although the
upstream ECM ligand for DG, namely laminin-311, appears
to be involved in the activation of a third pathway, namely the
JNK pathway, both DG and plectin appear to have no role in
mechanoactivation of the JNK pathway but are specifically
involved in pathway bifurcation and activation of ERK1/2 and
AMPK. In addition, we have provided evidence that plectin
serves as a molecular partner for DG using immunofluores-
cence colocalization assays and immunoprecipitation assays.
Immunofluorescence colocalization images indicate that plec-
tin and DG co-reside in perinuclear focal adhesion sites.
Moreover, immunoprecipitation data indicate that plectin
serves as a scaffold for AMPK, a finding consistent with evi-
dence that plectin binds to AMPK in myocytes to regulate
energy homeostasis (45). In addition, our data demonstrate
that DG has a dual role by acting not only as the mechanical
receptor to receive signals from the stretched ECM but also as
a scaffold to recruit ERK1/2. This is in agreement with the
finding that the B-DG cytoplasmic region has predicted
ERK1/2 binding sequences in the juxtamembrane region (25).
A combination of yeast two-hybrid and proteomic analyses
also have demonstrated that components of the ERK pathway
interact with the B-DG cytoplasmic tail (24).

Because plectin knockdown also results in the impairment
of both AMPK and ERK1/2 activation, these findings imply
the requirement of a molecular complex involving DG and
plectin for proper mechanical signal transduction in AECs. In
other words, DG, plectin, ERK1/2, and AMPK form a su-
pramolecular complex that has the necessary steric and allo-
steric interactions to enable the mechanoactivation. Thus, at
the cell surface of AECs, we propose that plectin and DG form
a scaffold that regulates mechanical stimuli via tethering of
signaling molecules, such as AMPK and ERK1/2, in the vicin-
ity of their regulatory molecules and their upstream activa-
tors, and/or by determining access of specific intracellular
substrates to their signaling binding partners. In the absence
of one of the scaffolding partners, such as when DG or plectin
expression is knocked down, we suggest that the remaining
scaffold is conformationally deficient and unable to complete
the requisite interactions for mechanical signal transduction.

In summary, our studies lead to a working model in which
DG has a major role for mediating integrin-independent, ma-
trix-driven mechanical signal transduction in AECs via plec-
tin to activate the ERK1/2 and AMPK pathways. This model
holds implications not only for the ways in which epithelial
cells sense and respond to mechanical stimulation in general
but also for the pathophysiology of certain lung diseases.
Widespread use of positive pressure mechanical ventilation in
the treatment of respiratory disorders is known to exacerbate
existing lung damage (61— 63). This injury might be exacer-
bated or mitigated by the activation of pro-inflammatory or
protective signaling pathways in the lung. For example, our in
vitro data suggest that the DG-mediated activation of AMPK
signaling following mechanical stimulation of AECs may have
some protective effects because it reduces generation of
harmful reactive oxygen species (9). Likewise, activation of
ERK1/2 has been reported to have beneficial effects at the
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cellular level (64, 65). It is clear that further dissection of the
molecular underpinnings of the DG/plectin-mediated signal-
ing may in the future help in the design of new approaches to
ameliorate the negative effects of lung mechanical ventilation
in vivo.
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