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Lung growth and remodeling are modulated by mechanical stress,
with fibroblasts thought to play a leading role. Little mechanistic
information is available about how lung fibroblasts respond to
mechanical stress. We exposed cultured lung fibroblasts to tonic
stretch and measured changes in phosphorylation status of mitogen-
activated protein kinases (MAPKs), selected receptor tyrosine kinases
(RTKs), and phospholipase Cy1 (PLCy1) and activation of the small
G-protein Ras. Human lung fibroblasts (LFs) were seeded on matrix-
coated silicone membranes and exposed to equibiaxial 10 to 40%
static stretch or 20% contraction. LFs were stimulated with EGF, FGF2,
or PDGF-BB or exposed to stretch in the presence of inhibitors of EGFR
(AG1478), FGFR (PD173074), and PDGFR (AG1296). Phospho-MAPK,
phospho-RTK, and phospho-PLCy1 levels were measured by Western
blotting. Active GTP-Ras was quantified by immunoblotting after pull-
down with a glutathione S-transferase-Raf-RBD construct. Normal-
ized p-ERK1/2, p-JNK, and p-p38 levels increased after stretch but not
contraction. Ligands to RTKs broadly stimulated MAPKs, with the
responses to EGF and PDGF most similar to stretch in terms of
magnitude and rank order of MAPK responses. Stretching cells failed
to elicit measurable activation of EGFR, FGFR (FRS2« phosphoryla-
tion), or PDGFR. Potent inhibitors of the kinase activity of each
receptor failed to attenuate stretch-induced MAPK activation. PLCy1
and Ras, prominent effectors downstream of RTKs, were not activated
by stretch. Our findings demonstrate that MAPKs are potently
activated by stretch in lung fibroblasts, but, in contrast to stress
responses observed in other cell types, RTKs are not necessary for
stretch-induced MAPK activation in LFs.
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The lungs exhibit remarkable sensitivity to stretch. Occluding
the trachea during fetal growth, a maneuver that increases
intraluminal pressure and stretches the developing lung, results
in accelerated development and increased airways branching
(1). On the other hand, conditions that deflate or contract the
developing lung and reduce stretch result in lung hypoplasia (2,
3). Postnatally, lung growth is stimulated by the stretch that
accompanies enlargement of the thoracic cavity, directing lung
growth proportional to the changes in size and shape of the
surrounding environment (4). Stretch also serves as a potent
stimulus for regeneration of lung tissue post-pneumonectomy
(5, 6). Tt remains largely unexplained, however, how mechanical
stretch coordinates and promotes lung growth. Lung fibroblasts
(LFs) are known to play major roles in matrix synthesis, tissue
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CLINICAL RELEVANCE

Lung inflation and stretch act as powerful stimuli for
growth, but the mechanisms remain poorly understood.
Lung fibroblasts respond to tonic stretch with potent
activation of mitogen-activated protein kinase signaling
pathways but do so independently of receptor tyrosine
kinases and Ras, distinguishing their stretch response from
mechanotransduction in other cell types.

remodeling, and lung development (3), and evidence points
to their early proliferation (7) and activation after tracheal
ligation—induced stretch in the fetal lung (8), but little is known
about the early signaling responses of lung fibroblasts to stretch
and contraction.

Tissue growth and regeneration are complex processes that
require, among other events, coordinated cellular proliferation
and differentiation. The mitogen-activated protein kinases
(MAPKSs) play pivotal roles in these processes. The prototypical
activators of ERK1/2 (p44/p42) are growth factors, whereas
JNK1/2/3 and p38 are typically stimulated by environmental
stresses and inflammatory cytokines (9, 10). In general, p38
responses overlap with JNK responses and promote cell differ-
entiation, migration, and apoptosis, whereas ERK is typically
implicated in cell growth and proliferation (11). Although
MAPKSs are known to be activated when cells are mechanically
stretched (12), the mechanisms of MAPK activation by stretch
are debated and may differ in a cell-specific manner.

The current consensus view of MAPK activation by me-
chanical stretch involves upstream activation of putative cell
surface mechanoreceptors or intracellular mechanosensors (12,
13). Receptor tyrosine kinases (RTKs) have been proposed as
mechanoreceptors in a variety of contexts. RTKs are single
transmembrane domain cell surface receptors found only in
multicellular animals. The human genome contains 20 families
of RTKs encoded by 58 genes (14). In the lung, fibroblast
growth factor receptor-2b (FGFR2b) and the platelet-derived
growth factor (PDGFR) have been implicated in stretch-
induced lung growth in utero (1, 15), and the epidermal growth
factor receptor (EGFR) has been shown to mediate stretch-
induced alveolar type II cell differentiation (16). The latter
study demonstrated that cyclic stretch-induced ERK1/2 phos-
phorylation was blocked by an EGFR inhibitor and that stretch
stimulated EGFR phosphorylation and Ras activation, strongly
implicating EGFR in lung epithelial responses to stretch. In
a similar study, EGFR was found to be involved in cyclic stretch
activation of ERK1/2, although Ras was not implicated (17).
The mechanoactivated nature of RTKs has been observed in
other tissues as well: Mechanical stretch activates EGFR in
keratinocytes (18), stimulates proliferation of vascular smooth
muscle cells via the insulin-like growth factor receptor (19), and
activates the EGFR (20) and the PDGFR (21, 22), with the
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latter implicated in mechanical strain-induced embryonic stem
cell differentiation into vascular smooth muscle cells (23). In
this study, we focused on whether the receptor tyrosine ki-
nases EGFR, FGFR, and PDGFR play roles in the proximal
mechanotransduction response of human lung fibroblasts to
tonic stretch.

MATERIALS AND METHODS

Reagents and Antibodies

DL-Dithiothreitol (DTT), sodium orthovanadate, and sodium fluoride
were obtained from Sigma (St. Louis, MO). RTK inhibitors AG1478,
PD173074, and AG1296 were purchased from EMD/Calbiochem
(Carlsbad, CA) and dissolved in DMSO. Recombinant human EGF,
FGF2, and PDGF-BB were from Cell Signaling Technology (Danvers,
MA). Rabbit polyclonal anti-ERK1/2, anti-phospho-ERK1/2 (Thr202/
Tyr204) pAb, anti-p38a/B/y, anti-phospho-p38a/B/y (Thr180/Tyr182)
mADb, anti-SAPK/INK1,23 mAb, anti-phospho-SAPK/JNK1,2,3
(Thr183/Tyr185) pAb, anti-phospho-EGF receptor (Tyr1068) pAb,
anti-phospho-FRS2a (Tyr196) pAb, anti-phospho-PDGFRa (Tyr849)/
PDGFRB (Tyr857) mAb, anti-phospho-PLCyl (Tyr783) pAb, anti-
phospho tyrosine mAb (p-Tyr-102), goat anti-rabbit IgG horseradish
peroxidase (HRP)-linked Ab, and anti-biotin HRP-linked were from
Cell Signaling Technology. Goat anti-B-actin pAb and rabbit anti-goat
IgG HRP-conjugated were from Santa Cruz Biotechnology (Santa
Cruz, CA).

Cells

Human juvenile (5-yr-old donor) lung fibroblasts CCL-151 and human
fetal lung fibroblasts CCL-153 (ATCC, Manassas, VA) were grown in
F12K medium (ATCC) supplemented with 10% FBS (Lonza, Basel,
Switzerland), 100 IU/ml penicillin, and 100 pg/ml streptomycin (Medi-
atech Inc., Herndon, VA).
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Stretch—-Contraction Device

The design of the stretch—contraction device (Figures 1A and 1B) was
modified from a previously described apparatus (24). It consists of a 6-
well BioFlex plate (FlexCell, Hillborough, NC) secured tightly with six
flat-head screws on an aluminum sliding platform. The fixation screws
allow the cover to remain in place without hindering the flow of air.
The movement of the sliding platform is stabilized by four rods fitted
inside Teflon bushings. The platform rests on four springs, which
prevent the 6-well BioFlex plate from making contact with the posts
before application of the stretch and provide smooth and regular
displacement of the platform. The platform is lowered manually by
screwing down a pair of phenolic three-arm knobs to stretch the silicon
substrate. As the plate moves downward, the silicon membrane
stretches over the 28.6-mm-diameter Teflon post coated with a thin
layer of high vacuum grease (Dow Corning, Midland, MI) (Figure 1C).
The plate displacement is measured with a digital caliper (Mitutoyo,
Kawasaki, Japan). The relationship between the displacement of the
plate and the level of substrate strain was validated by video imaging
(Figure 1D). Five square-shaped marks of approximately 10 mm? were
drawn with an indelible marker on the membrane. Linear strain was
calculated from measured changes in area at different plate displace-
ments. The range of applicable strain is —30 to +40%. Indentor posts
are removeable so that unstretched control wells can be included on
each plate as desired.

A unique attribute of this device is the ability to culture cells on
prestretched membranes for extended periods and study responses
subsequent to substrate contraction. For contraction experiments, cells
were seeded in prestretched wells that contained a “seeding ring” with
internal diameter of 20 mm to restrict the cell seeding area over the
indentor post (Figure 1C). The seeding ring is made of machined
biomedical-grade nylon 6,6 with a stainless steel handle, a Buna-N
O-ring 1.5 mm width to squeeze the ring tight inside the well, and
a 0.5-mm-thick silicon gasket on the bottom to block fluid leakage. The
ring, removed 24 hours after seeding, prevented cells from attaching to
the periphery of the substrate surface beyond the dimensions of the
underlying indentor.

C

Figure 1. Description and
validation of the stretch-
contraction device. (A)
Assembly of the stretch—
contraction device. Teflon
indentor posts are posi-
tioned beneath each well
to be strained. In the con-
figuration shown here,
three wells (out of a total
of six wells) are left
unstretched for  control
measurement (quantity in
parentheses). (B) Side view
of the stretch—contraction
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Stretch, Contraction, and Growth Factor
Stimulation Experiments

Cells were seeded on collagen I-coated BioFlex plates (FlexCell) at
20,000 cells/cm? in 10% FBS-supplemented medium for 24 hours and
serum starved for a subsequent 24 hours. In some experiments, cells
were seeded in an identical manner on pronectin- or laminin-coated
Bioflex plates. Under such growth conditions, cells covered approxi-
mately 75 to 90% of the membrane at the time of experiment, and cell
density was similar to seeding level as measured in separate experi-
ments (data not shown). Cells were subjected to equibiaxial stretch or
contraction and held strained at 37°C and 5% CO, until time of lysis.
Growth factors were added to the wells as described for each ex-
periment. For each receptor, we selected the agonist that maximizes
the chance of activating one or more of the isoforms expressed by LFs:
FGF2, EGF, and PDGF-BB. Four genes belong to the FGFR family
(FGFRI-4), but up to 15 variants arising from alternative gene splicing
are expressed. FGF2 (basic FGF) binds to all four FGFR isoforms (25).
EGFR, a member of the HER/ErbB family of receptors, is encoded by
only one gene but can bind numerous growth factors, including EGF
(26). PDGFR exists in two isoforms that are the product of two
separate genes. Four ligands for this receptor, PDGFA-Ds have been
described that form homo- and heterodimers. The PDGF-BB homo-
dimer used here binds PDGFRa and PDGFRB (27).

Immunoblot Analysis

Cells were washed twice with ice-cold PBS and lysed in 150 pL
Laemmli sample buffer 62.5 mM Tris-HCl (pH 6.8); 25% glycerol;
2% SDS; 0.01% Bromophenol blue (Bio-Rad, Hercules, CA) contain-
ing 50 mM DTT; 100 uM sodium orthovanadate; and 10 mM sodium
fluoride. For MAPK assay, proteins were resolved by electrophoresis
on 10% Tris-HCl polyacrylamide gel (Bio-Rad) in SDS-Tris buffer and
transferred to a 0.2-pm nitrocellulose membrane for 1 hour at 100 V in
Tris buffer with 20% methanol. For RTKs, PLCyl, and phospho-
tyrosine assay, proteins were resolved by electrophoresis on 7.5% Tris-
HCI polyacrylamide gel (Bio-Rad) in SDS-Tris buffer and transferred
to a 0.2-pm PVDF membrane for 1 hour at 100 V in Tris buffer without
methanol. Membranes were blocked with 5% wt/vol fat-free milk and
probed overnight at 4°C with primary antibodies diluted in TBS-T (Tris
buffered saline [pH 7.6], 0.1% Tween 20) containing 5% wt/vol BSA.
The blots were probed with horseradish peroxidase-conjugated sec-
ondary antibody for 1 hour at room temperature (RT). Bands were
visualized with enhanced chemiluminescent reagent (Pierce, Rockford,
IL) and quantified with digital imaging and densitometry analysis. The
magnitude of phospho-MAPK responses was normalized to total
(phospho+unphospho) measured on separate blots. Unless otherwise
described, each MAPK fold-change was calculated relative to unstimu-
lated time-matched control samples.

PDGFRB Immunostaining

Cells washed twice with ice-cold PBS were fixed with Formalin 1:10
dilution (10% formaldehyde phosphate-buffered; Fischer Scientific,
Kalamazoo, MI) for 10 minutes and blocked with 5% goat serum for 30
minutes at RT. The fixed cells were incubated with primary Ab anti-
PDGFRp (Cell Signaling Technology) at 4°C on rocking platform and
incubated with secondary antibody (Texas Red goat anti-rabbit IgG
[H+L] conjugated; Invitrogen, Carlsbad, CA) for 1 hour at RT. Images
were visualized with fluorescence-equipped NIKON 200 TE micro-
scope (Nikon, Japan) and acquired with computer-controlled digital
camera.

Active Ras Pull-Down Assay

Ras activation was analyzed using the EZ-Detect Ras Activation Kit
(Pierce) as described by the manufacturer. Cells were washed twice
with PBS and lysed with 25 mM Tris-HCl (pH 7.5), 150 mM NaCl, 5 mM
MgCl,, 1% NP-40, 1 mM DTT, and 5% glycerol. Cell lysates were
centrifuged for 15 minutes at 16,000 X g at 4°C, and the supernatant
was collected. A small fraction was kept for total Ras content analysis.
Activated GTP-bound Ras was pulled down with a glutathione S-
transferase-Raf1-RBD (Ras binding domain) construct immobilized
on a glutathione gel. Eluates were mixed 1:1 with SDS sample buffer,
125 mM Tris-HCI (pH 6.8), 2% glycerol, 4% SDS (wt/vol), and 0.05%

bromophenol blue, separated on 15% Tris-HCL polyacrylamide gel by
electrophoresis, and transferred to a 0.2-um PVDF membrane. The
membrane was probed with mouse monoclonal Ig,,« anti-Ras antibody
and with horse anti-mouse IgG (H&L) HRP-conjugated Ab (Cell
Signaling Technology). Immunoblots were imaged as described above.

Statistical Analysis

Data are shown as mean *= SD. Statistical comparisons were made
using paired Student’s f test. *P < 0.05; **P < 0.01; ***P < 0.001.

RESULTS

Tonic Stretch Activates MAPKs in Lung Fibroblasts

We first tested whether the phosphorylation level of MAPKs
change when juvenile lung fibroblasts (CCL-151) are tonically
stretched or contracted. CCL-151 cells were grown for 2 days on
collagen I-coated silicon membranes and stretched by 25% or
contracted by —20% (an equivalent displacement from starting
conditions) for 10 minutes. Protein phosphorylation, an in-
dicator of MAPK activation status, was significantly increased
by stretch in all three MAPKs we examined (ERK, JNK, and
p38), but the magnitude of the response varied (Figure 2A). The
relative fold-change was similar within the MAPK isoforms
(ERK1 versus ERK2 and JNK1 versus JNK2/3); therefore, the
individual isoform responses were merged and reported as
a single value. The largest response to tonic stretch was in the
p38 pathway. We did not detect any significant response to
contraction (negative strain) for any of the MAPKSs. Similar
findings were obtained with fetal-derived CCL-153 lung fibro-
blasts (Figure 2B), emphasizing that MAPK responses to stretch
are largely preserved across fetal- and juvenile-derived lung
fibroblasts. For the remainder of this study, only the CCL-151
lung fibroblasts were tested.

MAPK Activation Is Transient and Strain Dependent

We examined whether the nature of the substrate matrix
coating modulates the MAPK response to stretch. Cells grown
on pronectin (fibronectin-like RGD binding site), laminin, or
collagen I exhibited strikingly similar MAPK responses to
stretch (Figure 3A). Because laminin is bound mainly by a6
integrins, pronectin by asf;, and collagen I by o1 and By,
these results suggest that the MAPK responses to stretch are
largely independent of the identity of the « integrin subunit
involved in matrix binding. In preliminary experiments, stretch
also failed to stimulate phosphorylation of focal-adhesion
kinase on Tyr925 (data not shown), suggesting that the MAPK
response to stretch was not downstream of integrin/focal adhe-
sion kinase signaling.

We next examined the time-course of MAPK activation by
tonic stretch (25%) over a period of 2 hours (Figure 3B).
MAPK phosphorylation levels transiently increased at similar
relative rates for all three MAPKs (peak between 10 and 30 min)
and returned to near baseline values 120 minutes after the start
of tonic stretch. The transient nature of MAPK activation by
tonic stretch is not atypical because cells stimulated by various
growth factors, proinflammatory cytokines, or ligands for G
protein—coupled receptors exhibit similar transient MAPK
activation (28-31). Cyclic stretch (17, 20, 32) and a variety of
other physical stimuli, such as abrupt temperature changes (33),
also result in transient MAPK activation. Not all MAPK
activation is transient, however, because a slower but more
sustained response is sometimes observed in response to stimuli
such as UV exposure (34), hypertonic shock (31), and TGF-1
(35).

Although mechanical stretch is known to promote lung
growth, large stretch magnitudes can also contribute to cellular
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Figure 2. Mitogen-activated protein kinase (MAPK) activation by tonic
stretch in lung fibroblasts (LFs). (A, top) Tonic stretch enhances phos-
phorylation of ERK1/2, JNK1/2/3, and p38 in CCL-151 juvenile lung
fibroblasts. Strain was gradually applied over approximately 50 seconds.
Cells were kept stretched (25%) or contracted (—20%) for 10 minutes.
Representative blots of three experiments are shown. CTL = control.
(Bottom) Fold-change in phosphorylated MAPK levels induced by strain
compared with time-matched unstrained cells (n = 3). (B) Fetal LFs
MAPK responses are similar to juvenile LFs. CCL-153 fetal LFs were
assayed as described in A and analyzed for MAPK activation (n = 3).

injury (36, 37). Therefore, we tested whether MAPKs were
activated proportionally to the amount of stretch applied or
exhibited differential sensitivity to stretch magnitude. Activa-
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Figure 3. Characterization of MAPK activation by tonic stretch in LFs.
(A) Matrix coating has little effect on MAPK stimulation. CCL-151 were
grown on pronectin-, laminin-, or collagen |-coated substrates and
subjected to 25% stretch and analyzed for MAPK activity (n = 3). (B)
Stretch transiently enhances MAPK activation in lung fibroblasts. Cells
were tonically 25% stretched for increasing periods of time before lysis
and MAPK analysis. An independent 6-well BioFlex plate was used for
each time increment (n = 3 per increment). (C) Cells were stretched
with amplitudes of 10, 25, and 40% and assessed for MAPK phos-
phorylation. Each strain increment is measured from an independent 6-
well BioFlex plate (n = 3 per increment).

tion of each MAPK family by tonic stretch in LFs increased
monotonically with increasing magnitude of applied strain
below 25% and showed signs of reaching a plateau when
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approaching 40% (Figure 3C). This maximum strain magnitude
was chosen because in vivo LFs reside in airways and paren-
chyma, which can experience similar magnitude strains (38).

MAPK Activation by Growth Factors in LFs

To explore the possible role for RTK activation in stretch-
induced MAPK activation, we first measured changes in MAPK
phosphorylation when cells were stimulated with ligands to
FGFR, EGFR, and PDGFR. Similar to stretch/contraction
experiments, we examined MAPK activation after stimulating
cells for 10 minutes. This time point was selected because in
pilot experiments (not shown) the ERK response to FGF2
exhibited kinetics of activation very similar to 25% stretch
during the first 1 hour (peak ~10-15 min).

With the exception of p38, which was poorly stimulated by
FGF2, we found that each growth factor enhanced MAPK
activation with magnitude similar to 25% stretch (Figure 4).
These results confirmed that LFs express functional EGFR,
FGFR, and PDGFR. Based on the known downstream links of
these RTKs to MAPKs, we suspected that PDGFR or EGFR
alone or in combination with FGFR might play a role in
mediating stretch-induced MAPK activation.

EGFR, FGFR, and PDGFR Are Not Activated by Stretch in LFs

To test whether the RTKs EGFR, FGFR, and PDGFR are
activated by stretch, we measured the extent of phosphorylation
of specific residues on the cytoplasmic tail of each receptor.
Although strong-affinity antibodies exist for phospho-EGFR
and phospho-PDGFR, none could be found for FGFR. As
a surrogate, we evaluated phosphorylation of FRS2«, a docking
protein that associates with and is phosphorylated by FGFR
(39). Phosphorylation of FRS2a by activated FGFR leads to the
formation of Grb2/Sos complexes and downstream ERK1/2
activation.

Contrary to our expectations, application of 40% stretch to
LFs, a level of strain able to activate ERK1/2 close to maximal
exogenous ligand stimulation, failed to induce phosphorylation
of EGFR, FRS2«a, or PDGFR (Figure 5). In comparison,
ligand-stimulation evoked prominent increases in tyrosine
phosphorylation of all three receptor or receptor substrates.
To further rule out stretch-induced signaling through PDGFR,
which can activate ERK through an atypical mechanism that is
independent of PDGFRp-receptor tyrosine phosphorylation
(40), we examined PDGFR clustering, a key signaling event
indicative of RTK activation (41). Ligand-independent cluster-
ing of receptors has been reported for physical stimuli such as
UV exposure and hypertonic shock (42). Although application
of 100 ng/mL PDGF-BB for 15 minutes resulted in formation of
punctuate PDGFR clusters that were absent in untreated
control, no such receptor clustering could be detected within
cells tonically stretched for the same period of time (Figure 6).

The findings shown in Figures 5 and 6 suggest that EGFR,
FGFR, and PDGFR were unlikely to contribute to stretch-
induced MAPK signaling, although a possibility remains that
phosphorylation of alternative residues was involved in the
mechanosensitive response. To more definitively rule out in-
volvement of the selected RTKs, we pretreated cells with small-
molecule inhibitors using concentrations known to block the
kinase activity of each receptor: AG1478 (1 uM) for EGFR,
PD173074 (1 uM) for FGFR, and AG1296 (10 uM) for PDGFR.
If stretch uses a mechanosensor other than RTKs, these com-
pounds should be ineffective in preventing MAPK activation by
stretch. We chose ERK1/2 as our primary mechanoresponsive
indicator because this MAPK was equally stimulated by all
growth factors tested as well as by stretch (Figure 4). None of
the RTK inhibitors significantly attenuated ERK1/2 activation by
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Figure 4. Growth factors activate MAPKs in CCL-151. At time zero,
a volume equal to that already bathing the cells was added with
EGF, FGF2 (basic FGF), or PDGF-BB at twice the final concentration of
100 ng/mL (three wells per plate). Untreated wells (three wells per
plate) received an equal amount of fluid. Cell lysates were collected for
analysis of MAPK phosphorylation.

tonic stretch in lung fibroblasts (Figure 7), further reinforcing the
conclusion that this trio of RTKs is not involved in proximal
mechanotransduction in LFs. Similarly, we found that AG1478
and AG1296 failed to block 40% stretch-induced p38 and JNK
activation (data not shown), suggesting more broadly that stretch
activation of MAPKs in LFs is independent of EGFR and
PDGFR. In addition, PD173074 did not suppress JNK activation
by stretch; because stimulation with FGF did not effectively
activate p38 (Figure 4), we did not test whether FGF receptor
participates in stretch-induced p38 activation.

PLCvy1 Activation and Global Phosphotyrosine Responses
to Stretch

To investigate more broadly whether the entire class of RTKs
was stimulated by mechanical stretch, we first examined the
activation of phospholipase C (PLC) by measuring phosphory-
lation of the PLCy1 isoform. Although the 2-minute application
of PDGF-BB strongly activated PLCyl in our cells, as mea-
sured by Tyr783 phosphorylation, 40% stretch for the same
time period failed to induce a comparable change in PLCyl
phosphorylation (Figure 8A). The observation that stretch-
activated ERK1/2 was not attenuated by the aminosteroid
PLC antagonist U-73122 corroborated this result (data not
shown). Our results with human lung fibroblasts are thus clearly
distinct from those obtained with fetal rat lung cells in which
cyclic mechanical stretch stimulated herbimycin A-sensitive
PLCyl1 phosphorylation (43). Based on this finding, we sought
to determine whether MAPK activation in our cells was
sensitive to the ansamycin antibiotic herbimycin A, a potent
blocker of Src family protein kinases. Numerous RTKs, in-
cluding EGFR and PDGREF, are known substrates for the
nonreceptor tyrosine kinase c-Src (44), a signaling protein
frequently shown to be activated by mechanical stress (43). In
our experiments, herbimycin A failed to block stretch-induced
MAPK in LFs (data not shown).

To further extend our investigation of RTK activation, we
examined total protein tyrosine phosphorylation by Western
blotting using an antibody able to recognize phosphorylated
tyrosine residues independent of the identity of the surrounding
amino acids. Once activated, RTKs are heavily tyrosine phos-
phorylated and thus became a target with multiple sites for the
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Figure 5. Stretch fails to activate receptor tyrosine kinases in
LFs. CCL-151 were stimulated with growth factors (100 ng/ml)
or stretched (40%) for 2 minutes. Lysates collected at the end of
the treatment from individual wells were pooled (three treated
and three untreated wells) to increase the protein level in each
sample. Levels of tyrosine phosphorylation after treatments
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phospho-tyrosine antibody. Furthermore, in the context of
stretch-activated MAPKSs, if RTKs are upstream in the signaling
sequence, changes in their phosphorylation status should predom-
inate at the earliest times after onset of stretch. As expected, the
2-minute application of ligands to EGFR, FGFR, and PDGFR
enhanced tyrosine phosphorylation levels in the apparent molec-
ular weight ranges associated with those receptors: EGFR (175 kD),
FGFR (125 kD), and PDGFR (190 kD) (Figure 8B, lanes 1-4).
However, the tyrosine phosphorylation profile of proteins col-
lected from cells stretched 40% was indistinguishable from
control (Figure 8B, lane 5 compared with lane 6).

Ras Is Not Activated by 40% Stretch

A hallmark of ERK1/2 activation by RTKs is the involvement
of the signaling molecule Ras, and we tested whether it was
activated by stretch. Although the small GTPase Ras can be
activated by RTK-independent mechanisms, the absence of Ras
stimulation by stretch would further argue against RTK activa-
tion and involvement in stretch-induced MAPK stimulation.
Although the application of 100 ng/mL FGF2 to LFs resulted
in a nearly 3-fold increase in GTP-bound Ras (Figure 8C),
stretching lung fibroblasts by 40% failed to induce an increase
in GTP-bound Ras (P = 0.43). Because we routinely observed
that stretching LFs by 40% increases ERK1/2 phosphorylation

Control PDGF-BB 15 minutes

40% Stretch 15 minutes

similar to stimulation with 100 ng/ml FGF2, this strongly
suggests that Ras is not involved in stretch-activated ERK1/2
in LFs. Because Ras activation is a cornerstone of ERK1/2
stimulation by RTKSs, our findings confirm that the whole family
of RTKs, including PDGFR, EGFR, and FGFR, do not
contribute to stretch-induced MAPK activation in LFs.

DISCUSSION

Although fibroblasts play major roles in mechanically regulated
lung development, remodeling, and regeneration, especially in
the formation of new septa (45), their early responses to me-
chanical stretch have been less well studied than other constit-
uent cells of the lung. In this study, the mechanosensitive nature
of lung fibroblasts was demonstrated by robust activation of all
three major MAPKs: ERK1/2, JNK1/2/3, and p38 by tonic
stretch. We did not detect activation of any MAPK by contraction
(—20%), suggesting a polarity in mechanical responsiveness
that could help to explain the distinct growth and differentiation
responses of fetal lung to stretch versus contraction/relaxation
in vivo (7). We observed that application of 25% stretch stim-
ulated MAPK activation to levels similar to saturating concen-
trations of EGF, FGF2, and PDGF-BB, which are known to be
potent activators of MAPK signaling. Thus, the mechanosensi-
tive responses of LFs are robust and comparable in magnitude

Figure 6.  Stretch does not cluster
PDGFRB in CCL-151. Cells were stimu-
lated with 100 ng/ml PDGF-BB or 40%
tonic stretch for 15 minutes and fixed
with 10% formaldehyde and immuno-
probed for PDGFRB as described in
MAaTerIALS AND METHODS. Images are repre-
sentative of similar results in two inde-
pendent experiments.
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Figure 7. Stretch activates ERK despite inhibition of RTKs. CCL-151
were pretreated with selective kinase inhibitors for 5 minutes and
stimulated with growth factors or 40% stretch for 10 minutes. For each
inhibitor experiment, two 6-well BioFlex plates were used: control (two
replicate wells), 40% (four replicate wells), control + inhibitor (two
replicate wells), and 40%+inhibitor (four replicate wells). Cells were
collected for ERK1/2 activation analysis. CTL = control.

to growth factor responses, reinforcing the likely importance of
LF stretch-induced responses in lung biology.

Based on abundant evidence gathered from mechanical re-
sponses in other cell types, we hypothesized that lung fibroblasts
respond to mechanical stretch through specific activation of
receptor tyrosine kinases EGFR, FGFR, or PDGFR, leading to
stretch-induced MAPK activation. Although the overall pattern

of MAPK activation by mechanical stretch (p38 > JNK >
ERK1/2) resembled the response to EGF and PDGF-BB
stimulation, it appears that this similarity is coincidental be-
cause mechanical stretch failed to activate EGFR or PDGFR,
and inhibition of those receptors did not attenuate the ERK1/2
response to stretch. Similarly, stretch did not activate FGFR,
nor did a specific inhibitor of FGFR attenuate the ERK1/2
phosphorylation response to stretch, even though the magni-
tude of stretch applied (40%) elicited ERK1/2 phosphorylation
to a level similar to saturating ligand concentrations (100 ng/ml).
Given the strong responses of lung fibroblasts to ligands
targeting these receptors, we conclude that although lung
fibroblasts express functional PDGFR, EGFR, and FGFR,
these receptors are not activated by stretch and therefore are
not involved in stretch-induced MAPK activation.

Stretch also failed to increase activation of PLCyl1, a phos-
pholipase isoform associated with numerous RTKs. The phos-
phoinositide-metabolizing enzymes PLCa, PLCB, and PLCy
are major initiators of the inositol signaling pathway (46). In
particular, the activation of PLCy by RTK phosphorylation
results in downstream activation of IP3-dependent intracellular
Ca?" signaling and PKC activation and regulation of ERK.
PLCy is known to be phosphorylated upon activation of
a variety of RTKs, including EGFR, FGFR, and PDGFR as
well as others, such as the hepatocyte growth factor receptor
(Met) (47). Although RTKs are not the only type of receptor
able to activate PLCy (47), the absence of activation of PLCy in
our experiments further reduces the likelihood that RTKs as
a class are activated by stretch in LFs. In addition, stretch failed
to alter the content and distribution of tyrosine-phosporylated
proteins in the high-molecular-weight range, which comprise
many RTKs, measured shortly after the onset of stretch.

We analyzed the active state of the small GTPase membrane-
associated Ras, an intermediate link between many RTKs and
ERK1/2. Soon after stimulation of RTKs, guanodine nucleo-
tide-releasing proteins, such as Sos, stimulate the inactive Ras
to exchange its GDP for GTP. Active GTP-bound Ras binds to
c-Raf kinase, the first link in the signaling cascade to ERK1/2
(48). Another well described signaling pathway to ERK by
RTKs, the PLCy pathway, relies on Ras (39). In our experi-
ments, however, tonic stretch was ineffective in altering Ras
activity levels in lung fibroblasts. This is striking considering
how broadly Ras activation is implicated in ERK stimulation
across a variety of signaling pathways (48). The failure of stretch
to activate PLCyl, the lack of detectable changes in protein
tyrosine phosphorylation after stretch, and the absence of Ras
activation by stretch strongly suggest that RTK-independent
mechanisms link stretch to MAPK activation in LFs.

The absence of RTK mechanosensitivity in lung fibroblasts
was surprising because the circumstantial case for their partic-
ipation was well established. Indeed, several modes of activa-
tion of RTKs by physical stimulus have been identified. For
instance, RTKs can be transactivated by GPCR-mediated in-
creases in the rate of shedding of ligands for EGFR (49),
a mechanism induced by osmotic shock in Cos-7 cells (50) and
triggered by mechanical stretch in epithelial and vascular
smooth muscle cells (17, 18, 22). Ligand-independent modes
of activation of RTKSs also exist. Mechanical challenges, such as
an osmotic shock, can result in ligand-independent multimeri-
zation of EGFR (42) and PDGFR (51). In our experiments,
none of these mechanisms appeared to be in play, indicating
that RTKs do not contribute as primary sensors of mechanical
stress in the lung fibroblast stretch response.

By ruling out RTK-dependent proximal mechanotransduc-
tion in LFs, our results serve to focus future investigations on
candidate RTK-independent mechanosensitive pathways, in-
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Figure 8. Indicators of RTK activation are not stimulated by
stretch. (A) Phosphorylation of PLCy1 is unchanged by stretch.
CCL-151 cells were stimulated for 2 minutes by 100 ng/ml
PDGF-BB or 40% tonic stretch. Wells were pooled as described
in Figure 5, and tyrosine phosphorylation of PLCy1 was ana-
lyzed by immunoblotting. Blots shown are representative of
similar results in two independent experiments. (B) Phospho-
tyrosine levels unaltered by stretch. Ligands for EGFR, FGFR,
and PDGFR or 40% stretch were applied for 2 minutes to CCL-
151 cells grown in separate 6-well plates. Cell lysates were
collected, pooled, and resolved by electrophoresis. Proteins
above 30 kD molecular weight were transferred to membranes
and probed with antiphospho-tyrosine antibody. (C) Stretch

Bactin —— TEENNINR. s, —
B Growth factors Stretch
[ 2 minutes ] CTL EGF FGF2 PDGF-BB CTL +40%
200-
o e g
100- T ' !
80-
p-Tyr
60-
50-
40-
C [5minutes] CcTL FGF2 CcTL +40%
GTP-Ras

(GST Pull-down)

Total Ras

H
J

w
'l
—
*
*

N
'l

-
A

Fold-changes GTP-Ras [5 minutes]
o

FGF2 +40%

cluding cell-surface mechanoreceptors such as integrins, dystro-
glycan, G protein—coupled receptors, and Ca?*-permeable
channels (e.g., the transient receptor potential and stretch-
activated channels) (12, 13, 52-54). Alternatively, stretch could
be transduced through intracellular mechanosensors such as
p130cas (55) or through a protruding cell structure like the
primary cilium.

| — ORomesmmses | —ammese —emang,

does not activate Ras. FGF2 (100 ng/mL) or 40% stretch were
applied for 5 minutes to CCL-151 cells. Cell lysates were pooled
and analyzed for Ras activation. (Top) A representative GTP-Ras
pull-down blot and total Ras content is shown. (Bottom) Fold
increase of GTP-Ras content was computed by dividing treated
by time-matched untreated (CTL = control). Data are from
three independent experiments.

Taken together, our findings demonstrate that human LFs
are strongly responsive to stretch and exhibit polarity in stretch
responsiveness, suggesting they are poised to play selective roles
in lung growth and remodeling responses to stretch. Even
though RTKSs have been broadly implicated in lung mechano-
transduction, our results reveal that they do not participate in
proximal stretch-induced MAPK activation in lung fibroblasts.
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Given the potent role that mechanical stretch plays in lung
development and compensatory growth, further elucidation of
the pathways and mechanotransducers involved in stretch-
induced fibroblast signaling may give us new insights into how
stretch promotes lung growth and regeneration.
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