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Background: Mechanical forces are critical for normal fetal lung development.

Results: Force applied to a3, integrin activates TACE and sheds HB-EGF and TGF-a.

Conclusion: Mechanical strain enhances binding of a6f1 integrin to TACE to promote fetal type II cell differentiation.
Significance: Learning how mechanical forces regulate fetal lung development is critical for the discovery of approaches to

accelerate lung maturation.

Mechanical forces are critical for normal fetal lung develop-
ment. However, the mechanisms regulating this process are
not well-characterized. We hypothesized that strain-induced
release of HB-EGF and TGF-« is mediated via integrin-
ADAM17/TACE interactions. Employing an in vitro system to
simulate mechanical forces in fetal lung development, we
showed that mechanical strain of fetal epithelial cells actives
TACE, releases HB-EGF and TGF-«, and promotes differentia-
tion. In contrast, in samples incubated with the TACE inhibitor
IC-3 orin cells isolated from TACE knock-out mice, mechanical
strain did not release ligands or promote cell differentiation,
which were both rescued after transfection of ADAM17. Cell
adhesion assay and co-immunoprecipitation experiments in wild-
type and TACE knock-out cells using several TACE constructs
demonstrated not only that integrins a6 and 1 bind to TACE via
the disintegrin domain but also that mechanical strain enhances
these interactions. Furthermore, force applied to these integrin
receptors by magnetic beads activated TACE and shed HB-EGF
and TGF-a. The contribution of integrins o and 3, to differenti-
ation of fetal epithelial cells by strain was demonstrated by blocking
their binding site with specific antibodies and by culturing the cells
on membranes coated with anti-integrin ez and 8, antibodies. In
conclusion, mechanical strain releases HB-EGF and TGF-a and
promotes fetal type II cell differentiation via o3, integrin-AD-
AM17/TACE signaling pathway. These investigations provide
novel mechanistic information on how mechanical forces promote
fetal lung development and specifically differentiation of epithelial
cells. This information could be also relevant to other tissues
exposed to mechanical forces.
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Mechanical forces are essential for normal fetal lung devel-
opment (1-7). Throughout gestation, the lung epithelium
actively secretes fluid creating a constant distension pressure of
around 2.5 mmHg in the potential airspaces (8). In addition, the
fetus makes episodic breathing movements generating around
5% changes in the distal lung surface area (9). It is well estab-
lished that both tonic hydrostatic distension and cyclic
mechanical deformation provide physical signals necessary for
normal fetal lung development (10-12). However, the precise
molecular and cellular mechanisms by which lung cells sense
mechanical stimuli to influence lung development are not fully
understood. A key component of lung development is the dif-
ferentiation of type II epithelial cells, the major source of pul-
monary surfactant that prevents alveolar collapse during expi-
ration. These cells also participate in fluid homeostasis in the
alveolar lumen, host defense, and restoration of normal alveolar
epithelium after lung injury (13).

The ErbB family of tyrosine kinase receptors consists of four
receptors: epidermal growth factor receptor (EGFR® or ErbB1),
ErbB2, ErbB3, and ErbB4. These receptors are activated by spe-
cific ligands. For example, EGF and TGF-« are the ligands for
EGFR, HB-EGF binds to EGFR and ErbB4 and neuregulin is the
ligand for ErbB3 and ErbB4 (14). Each ligand is synthesized as a
transmembrane precursor and is proteolytically cleaved to
release the biologically active protein (15). The importance of
ErbB receptors in lung development is well documented. EGFR is
critical for branching morphogenesis, alveolarization, and differ-
entiation of type Il epithelial cells (16 -19). ErbB2 and ErbB3 pro-
mote fetal lung epithelial cell proliferation (20) and ErbB4 regu-
lates type II cell differentiation (21, 22). Previous studies from
our laboratory have shown that mechanical strain, simulating
mechanical forces in utero, activates these receptors in fetal

2 The abbreviations used are: EGFR, epidermal growth factor receptor; ADAM,
adisintegrin and metalloprotease; AP, alkaline phosphatase; SP, surfactant
protein; TACE, TNF-ae ADAM metalloprotease-converting enzyme.
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type I epithelial cells (23, 24). We further demonstrated that
phosphorylation of ErbB receptors and subsequent activation
of ERK pathway and differentiation of fetal type II epithelial
cells was mediated via shedding of HB-EGF and TGF-« (24, 25).
However, the molecular mechanisms by which mechanical
strain releases these ligands are unknown.

ADAM (a disintegrin and metalloprotease) proteins are
membrane-anchored metalloproteases that process and shed
the ectodomains of membrane-anchored growth factors, cyto-
kines and receptors (26). The domain structure of the ADAMs
consists of a prodomain, a metalloprotease domain, a disinteg-
rin domain, a cysteine-rich domain, an EGF-like domain, a
transmembrane domain and a cytoplasmic tail (27). ADAMs
are key components in EGFR signaling (26). Because many
transmembrane growth and differentiation factors, including
members of the ErbB family of receptors, require ectodomain
shedding for proper action in vivo, proteolysis is viewed as
a regulatory mechanism in the developing embryos (28).
ADAM17/TACE in particular has been shown to be crucial for
lung development. Inhibition of TACE by the metalloprotease
inhibitor TAPI, or a targeted mutation in Zn (2+)-binding
domain of TACE, disrupts two essential epithelial functions in
lung development: branching morphogenesis and differentia-
tion (29, 30). Furthermore, neonatal TACE-deficient mice have
visible respiratory distress, and their lungs fail to form normal
saccular structures. The histopathology of these lungs show
fewer peripheral epithelial sacs, deficient septation and thick-
walled mesenchyme, resulting in reduced surface for gas
exchange (31). Because mice deficientin ADAM17/TACE have
pulmonary hypoplasia and display phenotypes similar to mice
deficient in EGFR and TGF-a, ADAM17 is considered to be the
major supplier of EGFR ligands in vivo (31, 32). In fact, in vitro
studies have demonstrated that ADAM17 is the major conver-
tase of epiregulin, TGF-«, amphiregulin, and HB-EGF (33).

Integrins are a family of ubiquitous cell surface receptors that
mechanically couple the extracellular matrix to the cytoskele-
ton (34) and control a variety of cell functions by serving as
scaffolds for the assembly of multiprotein signaling complexes
within focal adhesion anchoring sites (35, 36). Because integ-
rins preferentially mediate mechanical force transfer across the
cell surface, they are ideally positioned to sense mechanical
stimuli and, through their interconnections with focal adhesion
proteins, transduce them into biochemical signals to modify
cell behavior (37, 38). Numerous studies have confirmed that
integrins play a central role in mechanotransduction in virtually
all cell and tissue types (39—41). Previous experiments from
our laboratory have shown that specific integrin subtypes con-
tribute to mechanical strain-induced differentiation of fetal
type II epithelial cells (42).

The goal of the present study was to investigate the mecha-
nisms by which mechanical forces release HB-EGF and TGF-«
from fetal epithelial cells. Given the key role of TACE in lung
development, we hypothesized that ADAM17 is the protease
that releases HB-EGF and TGF-« after applying physiologic
strain to fetal type II epithelial cells. In addition, as ADAMs are
unique among cell-surface proteins to have a disintegrin
domain to support integrin-ADAMs interactions (43), we fur-

AUGUST 30, 2013 +VOLUME 288+NUMBER 35

Strain and Integrin-TACE Interactions

ther hypothesized that activation of TACE is mediated via
mechanical stimulation of integrin receptors.

EXPERIMENTAL PROCEDURES

TACE Knock-out Mice—The TACE gene was inactivated
by deleting the zinc binding domain through homologous
recombination as previously described (31). Homozygous
TACE*#*A%"_null mutant (—/—) mice were produced by cross-
breeding TACE heterozygous (+/—) mice in a C57BL/6 strain
background. TACE genotypes were verified by genomic DNA
PCR analysis as documented previously (29).

Cell Isolation and Flexcell Strain Experiments— Animal
experiments were performed in compliance with the Lifespan
Institutional Animal Care and Use Committee, Providence, RI.
Fetal mouse lungs were obtained at embryonic days 17 or 18
from wild-type or TACE knock-out timed-pregnant mice after
intra-peritoneal administration of pentobarbital sodium. The
presence of a vaginal plug was considered as day 0.5 of preg-
nancy. Type II cells were isolated as previously described (42).
Briefly, after collagenase digestion, cell suspensions were
sequentially filtered through 100-, 30-, and 15-um nylon
meshes using screen cups (Sigma-Aldrich). Clumped non-fil-
tered cells from the 30- and 15 wm nylon meshes were collected
after several washes with DMEM, plated on Bioflex multiwall
Plates (Flexcell International, Hillsborough, NC) precoated
with laminin-1 (2 pg/cm?). Monolayers were maintained for an
additional 24 h until reached ~80% confluency and then
mounted in a Flexcell FX-4000 Strain Unit. To simulate
mechanical forces in fetal lung development, regimens of 5%
cyclical strain at intervals of 40 cycles/min or 2.5% continuous
distention were used. Cells grown on non-strained membranes
were treated in an identical manner and served as controls. In
experiments with immobilized antibodies, Bioflex plates were
coated with anti-a, integrin antibody (10 pg/ml) (BD Pharmin-
gen, San Jose, CA, cat. 557017), anti-q, integrin antibody (10
pg/ml) (AbD Serotec, Raleigh, NC, cat. MCA699EL) or anti-f3; -
integrin antibody (10 ug/ml) (Millipore, Billerica, MA, cat.
MCA2298EL) for 2 h at room temperature, rinsed with PBS,
and incubated with 1% BSA in PBS for 1 hat 37 °C. After rinsing
the plates twice with PBS and once with DMEM, fresh isolated
E17 type 1I cells were seeded on these antibody-coated sub-
strates in the absence of serum and allowed them to adhere for
4 h before the application of mechanical strain. In some studies,
fetal type II cells were incubated with anti-integrin antibodies,
or negative control IgG, in suspension at 37 °C for 15 min before
being plated on laminin-coated substrates in the continued
presence of these blocking antibodies in the following concen-
trations: integrin o, (10 ng/ml) (AbD Serotec, Raleigh, NC, cat.
MCAG699EL) and integrin B; (10 wmg/ml) (Millipore, cat.
MCA2298EL).

TACE Activity Assay—TACE activity was determined using
the SensoLyte 520 TACE Activity Assay Kit (AnaSpec, San Jose,
CA) according to the manufacturer’s protocol. This assay uses a
5-FAM (fluorophore)-labeled FRET peptide substrate. Upon
cleavage of the FRET peptide by the active enzyme, the fluores-
cence of 5-FAM is recovered and can be continuously moni-
tored at excitation/emission of 490 nm/520 nm. Fluorescence
of the cleavage product was measured in a fluorescence micro-
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plate reader (Gemini EM, Molecular Devices, Sunnyvale, CA).
10 pg of cell lysate proteins were used for the assay. Samples
were normalized to the protein concentration of the cell lysate.
Results are expressed as the percentage of change in fluores-
cence intensity compared with unstrained, control samples.

Transient Transfection by Electroporation—Type 1II cells
were transiently transfected using Amaxa Nucleofector appa-
ratus (Lonza Inc. Allendale, NJ) as previously described (44).
Isolated type II epithelial cells were plated on T75 flasks. The
following day, cells were harvested by trypsinization and ali-
quots of 2 X 10° cells in RPMI with 10% FBS were centrifuged at
100 g for 10 min; supernatants were discarded, and cell pellets
were resuspended in 100 ul of Basic Nucleofector Solution (Pri-
mary Mammalian Epithelial Cells Protocol, Lonza Inc. Allen-
dale, NJ). Each sample was mixed individually with 2 pg of
plasmid DNA. For ligand release, plasmids encoding alkaline
phosphatase (AP)-tagged expression vectors for HB-EGF or
TGF-a were added (25, 33). Samples were then transferred into
the appropriate cuvettes and subjected to electrical pulses using
the Amaxa Nucleofactor ™ II apparatus (Lonza Inc., Allendale,
NJ). Samples containing no DNA were treated in an identical
manner and served as negative controls (pulse only). After elec-
troporation, samples were transferred into plates precoated
with laminin-1 and left undisturbed for 24 h in a culture incu-
bator. Monolayers were then exposed to mechanical strain as
described elsewhere.

EGIR Ligand Shedding Assay—Monolayers transfected with
AP-tagged EGER ligands were exposed to different strain pro-
tocols. After experiments, cell medium (2 ml/well) from static
and strained samples were collected and centrifuged at
16,000 X g for 30 min. Supernatants were saved at —80 °C until
further use. Monolayers were lysed by adding 0.5 ml/well of
buffer containing 1X PBS, 1% Triton X-100, and protease and
phosphatase inhibitors. Lysates were centrifuged and saved at
—80 °C. Analysis and quantification of EGFR ligand shedding
was performed by running the concentrated supernatants on
SDS-polyacrylamide gels and staining the gels for AP activity.
Because the AP moiety is N-glycosylated, lectin ConA was used
to capture and concentrate the shed proteins. 40 ul of ConA-
Sepharose resin (GE Healthcare, Pittsburgh, PA, cat. 17-0440-
03) was added (after equilibrated and resuspended 1:1 in PBS
plus protease and phosphotase inhibitors) to every 2 ml of cell
supernatant and incubated at 4 °C rotating overnight. ConA
beads were spun down twice at 800 X g for 1 min to remove the
supernatant. Glycoproteins were eluted from the beads by add-
ing 20 ul of elution buffer (50 mm Tris-HCI, pH 8.0, 0.5 M a-D-
methyl mannoside), mixed and then incubated at 37 °C for 2 h.
Then, 10 ul of 5X SDS-sample loading buffer containing 25 mm
of dithiothreitol (DTT) were added. Samples were not boiled as
AP isirreversibly inactivated at temperatures higher than 70 °C.
Beads were then spun down and supernatants were loaded on
10% SDS-polyacrylamide gel and a constant current of 100 V
was applied at 4 °C. When the separation was completed, gels
were removed and incubated twice for 30 min in 2.5% Triton
X-100, followed by 10 min incubation in alkaline phosphatase
buffer (100 mm Tris-HCI, pH 9.5, 100 mm NaCl, and 20 mMm
MgCl,). AP activity was visualized by incubating the gels at
37 °C in detection solution (by adding 37.5 mg of NBT and 18.5
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mg BCIP to the detection buffer (100 mwm Tris-HCI, pH 9.5, 100
mM NaCl)). The enzyme reaction was then stopped by remov-
ing the detecting buffer. Intensity of the bands was quantified
using the Gel-Pro Analyzer 4.0 software (MediaCybernetics,
Bethesda, MD). AP activity in the cell lysate was analyzed fol-
lowing the same experimental procedure as described for cell
supernatants. Data were expressed as the intensity of each AP
supernatant band divided by total AP (supernatant + cell
lysate).

Force Application to Integrin Receptors using Magnetic Beads—
To apply mechanical force to cells via integrins, we coated ferric
oxide (2-wm diameter) beads (Aldrich, cat. 310069) (45-47)
with anti-a6 integrin antibody (5 ug/0.6 mg beads) (AbD Sero-
tec, Raleigh, NC, cat. MCA699EL) anti-$3; antibody (5 ug/0.6
mg beads) (AbD Serotec, cat. MCA2298EL), anti-a2 integrin
antibody (5 ug/0.6 mg beads) (BD Pharmingen, San Jose, CA,
cat. 557017) or AcLDL (5 ug/0.6 mg beads) (Biomedical Tech-
nologies Inc, Stoughton, MA, cat. BT-906) in pH 9.4 carbonate
buffer as previously described (48). Immediately before an
experiment, cells were incubated with coated beads (~20
beads/cell) for 10 min and then washed multiple times with PBS
to remove unbound beads prior to magnetic force application.
To maintain proper pH throughout these experiments, studies
were carried out in bicarbonate-free medium consisting of
Hanks’ Balanced Salts (Sigma-Aldrich), 10 mU/liter MEM non-
essential amino acids (Sigma-Aldrich), 20 ml/liter MEM essen-
tial amino acids (Sigma-Aldrich), 2 mm L-glutamine (Sigma-
Aldrich), 10 mm Hepes, pH 7.3, and 1% BSA. A Neodymium
Iron Boron (NdFeB) magnet (2.5 cm X 1.25 cm X 0.6 cm,
Edmund Optics, Barrington, NJ, cat. NT54-311) was placed on
top of the culture Petri lid at 10 mms distance from the cells,
and perpendicular to the cell surface to generate forces of ~0.6
pN/wm? (47). Forces were applied to cells for a maximum of 30
min to avoid potential bead internalization.

Cell Adhesion Assay—The effect of specific anti-integrin
antibodies on cell adhesion were measured in microtiter plates
precoated with TACE (20 pg/ml) (R&D Systems, Minneapolis,
MN, cat. 2978-AD). Suspended cells were incubated with cyclo-
heximide (20 pg/ml), washed, and incubated with IgG (AbD
Serotec, cat. MCA1212EL), anti-; (10 pg/ml) (BD Biosci-
ences, San Jose, CA, cat. 555000), anti-a, (10 pg/ml) (BD Bio-
sciences, San Jose, CA, cat. 5570170), anti-a; (10 pg/ml) (R&D
Systems, Minneapolis, MN, cat. AF2787), anti-a (10 pg/ml)
(BD Biosciences, San Jose, CA, Cat. 553319), anti-a, (10 pg/ml)
(AbD Serotec, cat. MCA699EL), or anti-f; antibodies (10
pg/ml) (Millipore, cat. MCA2298EL) for 15 min at 37 °C and
then plated on the TACE substrates in the presence of the anti-
bodies and cycloheximide. To investigate the binding domain
of fetal type II cells to TACE, plates were coated with proteins
containing the pro- and metalloprotease domains (1-477
amino acids) (ENZO Life Sciences cat. BML-SE268-0010) or
pro-, metalloprotease and disintegrin domains (1-563 amino
acids) (Sino Biological cat. 80350-RO8H). After 4 h, nonadher-
ent cells were washed from the substrate with PBS. Cells were
fixed with 4% paraformaldehyde in PBS and stained with 0.1%
crystal violet (Sigma-Aldrich) in ddH,O for 25 min at room
temperature. After several washes with tap water, stained cells
were solubilized overnight with 0.5% Triton X-100 (diluted in
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ddH,0), and the optical density was measured at 590 nm. Cell
numbers were derived from a standard curve.

Immunoprecipitation—Wild-type or TACE knock-out fetal
type II cells were transfected as described before with ADAM-
17-Fc or ADAM-17-MP plasmids (a generous gift from Dr.
Humphries, University of Manchester, UK) in combination
with either integrin 81 (Addgene, Cambridge, pRK5 f1, plas-
mid 16042), integrin a6 (Addgene, pRK5 a6, plasmid 16036) or
integrin a5 (Addgene, o5 integrin-GFP, plasmid 15238). The
cells were left in a culture incubator for 48 h, and they were then
exposed to 5% cyclic strain for 30 min; non-strained cells served
as controls. After experiments, monolayers were washed with
ice-cold PBS and lysed in RIPA buffer (50 mm Tris (pH 7.4), 150
mM NaCl, 1% Triton X-100, 1% sodium deoxycholate, 0.1%
SDS) with 1 mm Na3VO4, 1 mm NaF, and protease inhibitor
mixture (Thermo Fisher Scientific, Waltham, MA). Protein
concentrations were measured and 80 ug of total protein from
each sample were incubated with TACE/ADAM17 Ab-1
(Thermo Fisher Scientific, cat. RB-1660-PABX) or anti-integ-
rin B1 (LifeSpan Biosciences, Seattle, WA, cat. LS-C15992/
34165), integrin a6 (Novus Biologicals, Littleton, CO, cat.
NBP1-85747) or anti-GFP antibodies (Abcam, cat. ab6658)
overnight at 4°C. The following day, protein-G-Sepharose
beads (GE Healthcare, Pittsburgh, PA, cat. 17-0618-01) were
added and incubated for an additional 2 h at 4 °C with gentle
rocking. The beads were collected by centrifugation at 3,000
rpm at 4 °C for 1 min, washed three times with PBS (containing
1 mMmNa;VO,, 1 mm NaF, and protein inhibitor mixture), dena-
tured in sample buffer for 10 min at 70 °C, and subjected to
4-12% gradient gel and transferred to PVDF membrane. The
immunoprecipitated proteins were detected by Western blot
with integrin 81 (LifeSpan Biosciences, cat. LS-C15992/34165),
integrin a6 (Novus Biologicals, Littleton, CO, cat. NBP1-
85747) or anti-GFP antibodies (Abcam, cat. ab6658) or anti-
TACE Ab-1 (Thermo Fisher Scientific, cat. RB-1660-PABX).
The membranes were then stripped in buffer (Alpha Diagnostic
Intl. Inc. San Antonio, TX) for 15 min at room temperature,
blocked, and reprobed with an antibody against TACE/
ADAM17 AB-1 or with anti-integrin antibodies as described
above.

Real-Time PCR—Total RNA was isolated as previously
described (4) and purified further using the Turbo DNA-free kit
(Ambion). Total RNA was reverse-transcribed into ¢cDNA
using the iScript ™ ¢DNA Synthesis Kit (Bio-Rad) according to
the manufacturer’s instructions. Pre-designed TagMan® SP-C
(cat. MmO00488144_m1l) and SP-B (cat. Mm0045681_m1l)
primers were purchased from Applied Biosystems. To amplify
the cDNA by qRT-PCR, 50 ng of the resulting cDNA were
added to a mixture of 10 ul of 2X TagMan Universal PCR
Master Mix (Applied Biosystems, Foster City, CA) and 1 ul of
20X Gene Expression Assay Mix containing forward and
reverse primers and TaqMan labeled probe (Applied Biosys-
tems). Samples were normalized to the 18 S rRNA. The reac-
tions were performed in an ABI Prism 7000 Sequence Detec-
tion System (Applied Biosystems) with an initial denaturation
for 2 min at 50 °C and 10 min at 95 °C, followed by 40 cycles of
15 s at 95°C and 1 min at 60 °C. All assays were performed in
triplicate.
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FIGURE 1. Mechanical strain activates TACE.E17 (A, B, C) and E18 type Il cells
(D, E) isolated from wild-type (A, B, D, E) and TACE knock-out mice (C) were
exposed to 2.5% continuous strain or 5% cyclic strain for the indicated peri-
ods of time. Activation of TACE was assessed using an active fluorescence
FRET substrate as described in “Experimental Procedures.” Results are
expressed as fold-change over unstrained samples. n = 4, *, p < 0.05; ** p <
0.01 versus control.

Statistical Analysis—Results are expressed as means * S.E.
from at least three experiments, using different litters for each
experiment. Data were analyzed with ANOVA followed by post
hoc tests, and Instat 3.0 (GraphPad Software, San Diego, CA)
was used for statistical analysis; p < 0.05 was considered statis-
tically significant.

RESULTS

Mechanical Strain Activates TACE—First, we investigated
whether mechanical strain stimulates TACE. To simulate
mechanical forces in fetal lung development, fetal type II cells
were exposed to continuous and cyclic strain. Fig. 1A shows
that type II cells isolated during the canalicular stage of lung
development (E17) and exposed to 2.5% continuous strain dis-
play a 2-fold increase in TACE activation after 1 min (1 * 0.06
versus 2.17 * 0.45). Likewise, 5% cyclic strain stimulates TACE
by 4-fold after 30 min (1 = 0.04 versus 3.87 £ 0.66) (Fig. 1B).
Specificity of the fluorescence peptide was demonstrated by the
absence of TACE activation after 30 min of strain in cells iso-
lated from TACE knock-out mice (Fig. 1C). In cells isolated
during the saccular stage of lung development (E18), 2.5% con-
tinuous strain stimulates TACE by 3-fold after 5 min (1 * 0.03
versus 3 = 0.53) (Fig. 1D) whereas no consistent activation was
observed in cells exposed to 5% intermittent strain (Fig. 1E).
These data demonstrate that continuous and cyclic strain acti-
vates TACE in fetal type II epithelial cells.
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Strain-induced Release of HB-EGF and TGF-a Is Mediated
via TACE—Given the importance of TACE in lung develop-
ment (31) and as a major convertase of EGFR ligands (33), we
evaluated next whether release of HB-EGF and TGF-a« is medi-
ated via TACE. E17 type II cells were transfected with plasmids
encoding these ligands and then exposed to 5% cyclic strain for
30 min. Fig. 2, A and B shows that mechanical strain increases
release of HB-EGF and TGF-« into the supernatant by 50%
(0.42 =+ 0.03 versus 0.64 = 0.03) and 200% (0.28 * 0.05 versus
0.6 = 0.06), respectively. In contrast, in samples incubated with
IC-3, a TACE inhibitor, release of HB-EGF (0.64 =+ 0.03 versus
0.43 = 0.05) or TGF-a (0.6 * 0.06 versus 0.17 = 0.07) were
significantly decreased when compared with strained samples
without inhibitor. Strain-mediated shedding of endogenous
HB-EGF and TGF-« was also demonstrated by ELISA (Fig. 2, C
and D). The key role of TACE in strain-induced release of
ligands was confirmed in fetal type II cells isolated from TACE
knock-out mice where mechanical strain did not release HB-
EGF or TGF-« into the supernatant. However, shedding of
these ligands was rescued after cells were transfected with plas-
mid encoding TACE (Fig. 2, E and F). These data clearly dem-
onstrate that strain-induced release of HB-EGF and TGF-« is
mediated via TACE.

Strain-induced Fetal Type II Cell Differentiation Is Mediated
via TACE—Next, we studied whether TACE is the metallopro-
tease participating in type II cell differentiation using surfactant
protein-C (SP-C) as a marker (Khoor et al., 54). Fetal type II
cells were exposed to mechanical strain in the presence of the
TACE inhibitor IC-3. Fig. 3, A and B demonstrate that mechan-
ical strain increases SP-C mRNA and protein by 2-fold com-
pared with controls. In contrast, in the presence of IC-3,
mechanical strain did not increase SP-C. These results were
confirmed in cells isolated from TACE knock-out mice where
mechanical strain did not increase SP-C. However, strain-me-
diated increase of SP-C mRNA and protein were rescued in
knock-out cells transfected with TACE (Fig. 3, Cand D). Similar
results were obtained using SP-B as a marker of differentiation
(Fig. 3, E and F). Altogether these results indicate that TACE
regulates strain-induced type II cell differentiation.

TACE Is Associated with Integrins a6 and 31 via Disintegrin
Domain and Mechanical Strain Increases These Associations—
Because TACE contains a disintegrin domain (27), we
hypothesized that activation of TACE by strain is mediated via
integrins. First, we investigated the ability of TACE to bind to
integrins using a quantitative cell adhesion assay. Suspended
fetal type II cells were incubated with different anti-integrin
antibodies and then plated on wells coated with full- length
TACE. Our data show an ~75% reduction in cell attachment to
TACE substrates in cells incubated with anti-«6/81 antibodies,
suggesting that TACE binds to these integrins (Fig. 44). Next,
we evaluated which domain of TACE binds to fetal type II cells.
Cells were cultured on substrates coated with recombinant
TACE encoding the pro and metalloprotease domains (1-477)
or a peptide also including the disintegrin domain (1-563). Our
results demonstrate that lack of binding of type II cells to TACE
in the absence of disintegrin domain (Fig. 4B). Association
between TACE and a6 and B1 integrins under non-strain con-
ditions was also demonstrated by co-immunoprecipitation
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experiments (Fig. 4C). Furthermore, mechanical strain
increased binding of TACE to a6 by 70% (0.55 % 0.04 versus
0.92 = 0.1) and to B1 by 100% (0.43 = 0.06 versus 0.84 = 0.1)
when compared with unstrained samples. Similar results were
obtained with samples immunoprecipitated with a6 or 1
integrins and immunoblotted with TACE (data not shown).
Specificity of these interactions in fetal type II epithelial cells
was also demonstrated by the lack of co-precipitation between
TACE and o5 integrin, which has been recently reported to
interact in kidney mesangial cells (49) (Fig. 4C). To further
investigate the binding site for a6 and B1 integrins on TACE,
we performed experiments in fetal type II cells isolated from
TACE knock-out mice and transfected with plasmid encoding
different domains of ADAM17 (a generous gift from Dr. Martin
J. Humphries, University of Manchester, UK) (Bax et al., 59).
Fig. 4D shows that mechanical strain in cells transfected with
plasmid encoding recombinant ADAM17-Fc (which lacks only
the transmembrane and cytoplasmic domains) increases a6 1
binding to TACE similar to wild-type cells. In contrast, in cells
transfected with MP plasmid (lacking the disintegrin domain)
there was no binding between a61 integrins and TACE. Alto-
gether our data show not only that integrins a6 and 81 bind to
TACE via disintegrin domain but also that mechanical strain
enhances these interactions.

Force Application to o 3, Integrin Receptors Activates TACE
and Releases HB-EGF and TGF-a—Integrins are well known to
function as mechanoreceptors (37); therefore, we evaluated
next whether mechanical deformation of these integrin sub-
types activates TACE. Monolayers were incubated with mag-
netic beads coated with antibodies to a6, 81, or a2 integrin or
with acetylated low-density lipoprotein (AcLDL, negative con-
trol) and then exposed to magnetic field for 15 min. Our data
show that mechanical stimulation of cells via a6 and B1 integ-
rins activates TACE by 70 and 40%, respectively, compared
with unstrained samples (1 = 0.06 versus 1.70 = 0.04and 1.40 =
0.14). In contrast, force applied to @2 did not activate TACE
(Fig. 5A). Next, we studied whether release of HB-EGF and
TGF-« by strain is also mediated via these integrin subtypes.
Force applied to integrin a6 for 15 min and 30 min shed HB-
EGF by 4-fold when compared with magnetic beads without
force (0.04 = 0.008 versus 0.17 = 0.03 and 0.15 * 0.02). Like-
wise, stimulation of integrin 1 for 15 min released mature
HB-EGF into the supernatant by 2.5-fold compared with no
force conditions (0.12 = 0.09 versus 0.31 = 0.05). In contrast,
application of mechanical stress to beads coated with a2 or
AcLDL did not release HB-EGF, demonstrating the specificity
of the integrin response to force (Fig. 5B). Similarly, force
applied to integrin a6 for 15 min and 30 min shed TGF-a by
4-fold when compared with static (0.12 £ 0.09 versus 0.47 *
0.05 and 0.55 £ 0.1). Mechanical stimulation of 1 for 15 min
and 30 min released TGF-a by 2-fold compared with static
(0.24 = 0.02 versus 0.47 = 0.04 and 0.61 = 0.03) (Fig. 5C). In
contrast, force applied to these integrin receptors in cells iso-
lated from TACE knock-out mice did not release HB-EGF or
TGF-« (Fig. 5, D and E). These data strongly suggest that strain-
induced release of HB-EGF and TGF-« ligands is mediate via ot
B;-TACE pathway
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FIGURE 2. Strain-induced release of HB-EGF and TGF-« is mediated via TACE. A and B, E17 type Il cells were transfected by electroporation with plasmids
encoding alkaline phosphatase (AP)-tagged HB-EGF (A) or TGF-« (B) ligands in the presence or absence of IC-3 (10 um), a TACE inhibitor, and then exposed to
5% cyclic strain for 30 min. Samples were processed to assess HB-EGF or TGF-a shedding as described in “Experimental Procedures.” n = 4, *, p < 0.05 versus
control; **, p < 0.01 versus strain without inhibitor. C and D, E17 type Il cells were exposed to 5% cyclic strain for 30 min. Supernatants were collected,
concentrated and processed to detect shedding of mature HB-EGF (R & D, cat. DY259) and TGF-« (R & D, cat. DY239) by ELISA following manufacturer’s
recommendations. Samples were normalized to the concentration of proteins in the cell lysate. p < 0.05 versus control. Results are from three independent
experiments. Eand F, E17 type Il cells isolated from TACE knock-out mice and transfected or not with a plasmid encoding the full-length of TACE were exposed
to similar experimental conditions as described above to investigate shedding of mature HB-EGF (E) or TGF- « (F). n = 4, *, p < 0.05 versus control plus TACE
transfection. Upper panels show representative blots.

Strain-induced Type II Cell Differentiation Is Mediated via  Given that internalization of the beads may occur after being in
Integrins a631—Finally, we investigated whether a6 1 integ-  culture for 1 h (47), we used alternative experimental systems to
rin subunits regulate strain-induced type II cell differentiation. ~demonstrate that integrin-TACE pathway also participates in
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FIGURE 3. Strain-induced fetal type Il cell differentiation is mediated via
TACE. Aand B, E17 type Il cells were exposed to 5% cyclic strain for 24 h in the
presence or not of IC-3 (10 um), a TACE inhibitor. Samples were analyzed by
RT-PCR (A) or Western blot (B) to detect SP-C abundance. n = 4, *,p < 0.05
versus control; **, p < 0.01 versus strain without IC-3. C and D, type Il cells
isolated from TACE knock-out mice were transfected or not with a plasmid
encoding the full-length of TACE and then exposed to similar experimental
conditions as described in Aand B.n = 4, *, p < 0.05 versus control plus TACE
transfection. Upper panels in B and D show representative blots. £ and F, E17
cells were exposed to similar experimental conditions described in A and C
but SP-B, instead of SP-C, was used as a marker of differentiation.

the differentiation of fetal type II epithelial cells. For these
experiments, type II cells were incubated in suspension with
anti-a6 or anti-B1 antibodies. Cells were then plated on
laminin-coated substrates and exposed to cyclic mechanical
strain for 24 h. Inhibition of binding of integrin a6 or 1 using
specific blocking antibodies decreased SP-C mRNA when com-
pared with strained samples incubated with a nonspecific IgG
control (1.37 £ 0.25and 0.97 = 0.28 versus 2.43 * 0.5) (Fig. 6A).
To further explore the role of specific integrin subunits in this
cellular mechanotransduction response, cells were cultured
on membranes coated with different anti-integrin antibodies
(instead of with laminin), to constrain the integrin receptor
through which the cell initially experiences the mechanical
strain. When cells grown on substrates coated with integrin
a6 or Bl were exposed to cyclic strain, SP-C mRNA
increased by 75% compared with unstrained controls (1 *
0.06 versus 1.78 = 0.19 and 1 = 0.04 versus 1.74 = 0.19). In
contrast, no changes were observed on substrates coated
with integrin a2 (Fig. 6B). These data corroborate the func-
tional blocking experiments above and confirm that integ-
rins a6 and 1 selectively mediate mechanotransduction
promoting fetal type II cell differentiation.
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DISCUSSION

Mechanical forces are critical for normal fetal lung devel-
opment. Previous studies have shown that mechanical strain
promotes differentiation of fetal lung epithelial cells via ect-
odomain shedding of HB-EGF and TGF-a. However, the mech-
anisms by which mechanical forces release these ligands are
unknown. The main findings of this study are: 1) ADAM17/
TACE is activated by strain and regulates release of HB-EGEF/
TGF-a and type 1II cell differentiation. 2) Integrin subunits a,
and 3, bind to TACE via disintegrin domain and mechanical
strain enhances these bindings. 3) Mechanical stimulation of
these integrin receptors not only activates TACE but also sheds
HB-EGF and TGF-a and promotes differentiation of fetal epi-
thelial cells. All together our data unveil a novel pathway by
which mechanical forces promote lung development and spe-
cifically differentiation of fetal type II epithelial cells.

It is well established that mechanical forces generated by
constant distension pressure and fetal breathing movements
are critical for normal fetal lung development (11). One of the
potential mechanisms by which mechanical forces promote
lung development is by the release of growth factors (50, 51).
This hypothesis is supported by previous studies from our lab-
oratory demonstrating that mechanical strain releases soluble
factors HB-EGF and TGEF-« that are important for differentia-
tion of type II epithelial cells (25). Given that the release of
mature, biologically active form requires cleavage at the plasma
membrane, we investigated the mechanisms of ectodomain
shedding of these ligands by strain. Based on in vitro studies
demonstrating that TACE is the major convertase of HB-EGF
and TGF-« (33) and the critical role played by TACE in lung
development (29 -31), we hypothesized that TACE is the pro-
tease regulating shedding of these ligands by strain. Using a
peptide substrate containing the TACE cleavage site, we found
that both continuous and cyclic strain activate TACE. How-
ever, activation of TACE depends on type of mechanical stim-
ulation applied, length of strain and gestational age of cells
exposed to strain. Previous studies have also documented the
activation of TACE in myoblast differentiation by mechanical
forces (52) and in the transduction of compression stress in
airway epithelial cells (53). Together, these previous studies and
our current investigations suggest that TACE plays an impor-
tant role in mechanotransduction. In addition, our data also
show that TACE is important to release mature HB-EGF and
TGEF-a. These results were demonstrated using a TACE inhib-
itor and also in cells isolated from TACE knock-out mice.
Importantly, TACE was found to be critical for strain-induced
differentiation of fetal type II epithelial cells. Using surfactant
protein-C as a specific marker of differentiation (54), we
observed a significant decrease in the differentiation of type II
cells by strain in the absence of TACE, which was rescued after
TACE was introduced in knock-out cells. Altogether, our data
clearly demonstrate the central role played by TACE in the
cleavage of EGFR ligands that are critical for normal lung devel-
opment and specifically for differentiation of fetal epithelial
cells.

ADAMs are transmembrane cell surface proteins with adhe-
sive and proteolytic functions based on their disintegrin and
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FIGURE 4. TACE is associated with integrins a6 and B1 via disintegrin domain and mechanical strain increases these associations. A, cells were
preincubated with antibodies against different integrin subtypes as described, and cultured on full-length TACE-coated substrates in the presence of antibody
and cycloheximide for 4 h. Results are from 3 different experiments performed in triplicate. *, p < 0.05 versus negative. B, type Il cells were plated on wells coated
with laminin (positive control), TACE fragment containing the pre-, metalloprotease and disintegrin domains (1-563), TACE fragment with the pre- and
metalloprotease domains (1-477), or no substrate (negative control). Adhesion of type Il cells to different substrates were quantified by optical density as
described in “Experimental Procedures.” C, wild-type E17 type Il cells were transfected by electroporation with plasmids encoding ADAM-17-Fc (2 pg) in
combination with either integrin a6 (1 ng), integrin B1 (1 ug), orintegrin a5 (1 ng) plasmids. 48 h later, cells were exposed or not to 5% cyclic strain for 30 min.
Collected proteins were immunoprecipitated with TACE antibody (or negative control IgG) and immunoblotted with anti-integrin a6, 81, or a5 antibodies.
Blots were reprobed with anti-TACE antibody. Results are from five independent experiments. *, p < 0.05 versus controls. C, control; S, strain. Upper panels show
representative blots. Lower right panel shows a Western blot from total cell lysate demonstrating that a5 integrin is expressed in type Il cells and is recognized
by this antibody. D, E17 type Il cells isolated from TACE knock-out mice were transfected by electroporation with plasmids encoding ADAM-17-Fc (FC) or a
truncated form lacking the disintegrin domain (MP) in combination with either integrin a6 or integrin 31 plasmids. 48 h later, cells were exposed or not to 5%
cyclic strain for 30 min. Collected proteins were immunoprecipitated with anti-integrin a6 or 81 antibodies (or negative control IgG) and immunoblotted with
TACE antibody. Blots were reprobed with anti a6 or 31 antibodies. Blots are representative from two independent experiments. Lower panel shows a Western
blot from total cell lysate demonstrating that FC and MP constructs are expressed in TACE knock-out cells.

metalloprotease domains (55). This integrin-mediated interac-
tion of the disintegrin-like domains with the cell surface sug-
gests a key role for ADAM-integrin in the regulation of ectodo-
main shedding (56). Several integrins are known to interact
with ADAM disintegrin-like domain (55, 56). EDC-motif D**®
within disintegrin-like loop sequence of ADAM17 was shown
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to be crucial in facilitating integrin-dependent cell adhesion
(57). ADAM 17 was also found to interact with a3, integrin in
human dermal fibroblast cells (58) and to act as a specific ligand
for the integrin a3, in HeLa cells (59) and mediate cell migra-
tion (57). The biological relevance of these connections is
reflected for example in the cleavage by ADAM17 of VCAM-1,
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a key receptor for leukocyte adhesion and migration to inflam-
matory sites (60).

Our studies demonstrate that integrin a4f3; interacts with
ADAM17 in fetal type II cells. These interactions were demon-
strated by cell adhesion and co-immunoprecipitation experi-
ments. ADAM-9 was found to mediate cellular adhesion and
motility through oyB;integrin (61). Recent studies have also
identified that a5831 regulates release of HB-EGF via ADAM17
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in kidney mesangial cells.(49) However, neither cell adhesion or
co-immunoprecipitation experiments showed that o5 integrin
binds to TACE in fetal lung cells. These results could be
explained by tissue-specific role of integrin subtypes in cell sig-
naling. Importantly, we provide the first evidence of integrin-
TACE associations by mechanical forces. The application of
force to specific surface receptors through bound ligand-coated
microbeads provides a unique opportunity to selectively stim-
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ulate integrin receptors and assess downstream effects (46, 47).
This technique has previously shown for example to up-regu-
late endothelin-1 gene expression (62) and to activate cyclic
AMP signaling pathway (38, 48). To demonstrate whether acti-
vation of TACE by strain is mediated via integrin receptors, a6
and 1 subunits were exposed to tensile forces perpendicular to
the surface of the cells using ferromagnetic beads (45). Our data
demonstrate that mechanical stimulation of a6 and 1 integ-
rins activated TACE. In addition, mechanical deformation of
integrin receptors also promoted release of HB-EGF and
TGF-«, providing additional support for the link between
integrin receptors, TACE activation and release of ligands.
However, these experiments cannot conclusively show whether
strain-mediated activation of TACE via 61 is a direct mech-
anism or indirect via other intracellular signaling pathways. To
address this question, we performed co-immunoprecipitation
experiments in TACE-null cells transfected with plasmid
encoding different recombinant TACE domains (Fig. 4C). Our
data showed that strain-induced binding of a681 and TACE
was rescued after transfection with recombinant ADAM-17
containing the pro, metalloprotease, and disintegrin domains.
In contrast, a truncated form lacking the disintegrin domain
was unable to bind to a6 or B1 integrins under static or strain
conditions. These experiments demonstrate that integrin a681
binds to ADAM17 via disintegrin domain and mechanical
strain increases these interactions.

Even though the adhesive domain of ADAMs seems to be
crucial for proper generation of a protease-dependent event in
vivo (63), investigations evaluating the functional relation
between the two distinct functions are limited. Several models
of integrin-ADAM interactions have emerged (43, 56). It is pos-
sible that integrin ligand properties of the ADAM disintegrins
serve to mediate cell-cell interactions much like established
integrin counter-receptors, and ADAM-integrin associations
facilitate activation of ADAMs and cleavage of proteolytic sub-
strate. Another model is that molecular interactions of the dis-
integrin domain of ADAMs with integrins serve to sequester
the protease and prevent cleavage of the cell surface substrate.
Upon conformational change, affinity of the integrin for the
ADAMs is altered allowing dissociation of the ADAM from the
integrin and subsequent processing of the substrate (56). Prove
of this last model has been recently shown in kidney messangial
cells, where activation of a581 dissociated integrin/ADAM17
binding and increased HB-EGF shedding (49). In contrast, our
data support the first mechanistic model where activation of
a6Bl by mechanical strain promotes the interaction with
ADAM17, resulting in enhanced protease activity with subse-
quent release of HB-EGF and TGF-« and cell differentiation.
Plausible explanations for these apparent contradictory mech-
anisms regulating shedding of EGER ligands could be tissue-
specificity and/or source of stimulus for integrin activation.

In summary, our data provide evidence of integrin af;-
TACE interactions as a key regulatory pathway by which
mechanical forces promote lung development via release of
HB-EGF and TGF-« ligands. We propose a mechanistic model
(Fig. 7) by which conformational changes of o8, integrin
induced by strain will enhance binding of these mechanorecep-
tors to disintegrin domain of ADAMI17 with subsequent
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FIGURE 7. Mechanistic model of strain-induced fetal type I cell differen-
tiation via integrin-TACE pathway. Conformational changes of a4 f3; integ-
rin by mechanical strain will enhance binding of these mechanoreceptors to
disintegrin domain of ADAM17 (green) with subsequent increase of metallo-
protease activity (pink) and cleavage of HB-EGF and TGF-c. Released ligands
will bind to EGFR and induce phosphorylation of this receptor, activation of
ERK pathway, and increased type Il cell differentiation.

increase of metalloprotease activity and cleavage of HB-EGF
and TGF-a. Released ligands will bind to EGFR and induce
phosphorylation of this receptor, activation of ERK pathway
and increased type II cell differentiation, as previously demon-
strated (24, 25). Although the scheme shown on Fig. 7 depicts a
cis mechanism of transactivation (within the same cell), a trans
mechanism of activation (between two cells) is also possible.

Based on the critical role played by mechanical forces during
normal fetal lung development, the identification of key regu-
latory pathways activated by strain in fetal lung may provide
a unique opportunity to facilitate development of new
approaches to accelerate lung maturation in clinical conditions
where lung development is impaired, including pulmonary
hypoplasia, bronchopulmonary dysplasia and postnatal lung
growth in extreme prematurity. In addition, our results may be
also relevant to other areas of cell biology where tissues are
exposed to mechanical forces such as blood vessels, heart, bone,
kidney, etc.
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