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Background: Mechanical forces and ErbB receptors are critical for fetal lung development.

Results: Deletion of ErbB1 or down-regulation or ErbB4 prevented stretch-induced type II cell differentiation via ERK.
Conclusion: Interactions between ErbB1 and ErbB4 are critical for stretch-induced type II cell differentiation.

Significance: Learning how mechanical signal regulate fetal lung development is critical to develop strategies to accelerate lung

maturation.

Stretch-induced differentiation of lung fetal type II epithelial
cells is mediated through EGFR (ErbB1) via release of HB-EGF
and TGF-aligands. Employing an EGFR knock-out mice model,
we further investigated the role of the ErbB family of receptors
in mechanotranduction during lung development. Deletion of
EGEFR prevented endogenous and mechanical stretch-induced
type II cell differentiation via the ERK pathway, which was res-
cued by overexpression of a constitutively active MEK. Interest-
ingly, the expression of ErbB4, the only ErbB receptor that EGFR
co-precipitates in wild-type cells, was decreased in EGFR-defi-
cient type II cells. Similar to EGFR, ErbB4 was activated by
stretch and participated in ERK phosphorylation and type II cell
differentiation. However, neuregulin (NRG) or stretch-induced
ErbB4 activation were blunted in EGFR-deficient cells and not
rescued after ErbB4 overexpression, suggesting that induction
of ErbB4 phosphorylation is EGFR-dependent. Finally, we
addressed how shedding of ligands is regulated by EGFR. In
knock-out cells, TGF-e, a ligand for EGFR, was not released by
stretch, while HB-EGF, a ligand for EGFR and ErbB4, was shed
by stretch although to a lower magnitude than in normal cells.
Release of these ligands was inhibited by blocking EGFR and
ERK pathway. In conclusion, our studies show that EGFR and
ErbB4 regulate stretch-induced type II cell differentiation via
ERK pathway. Interactions between these two receptors are
important for mechanical signals in lung fetal type II cells.
These studies provide novel insights into the cell signaling
mechanisms regulating ErbB family receptors in lung cell
differentiation.

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
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around 2.5 mmHg in the potential airspaces (8). In addition, the
fetus makes episodic breathing movements (FBM) (9). It is clear
from experimental animals that both tonic hydrostatic disten-
sion and cyclic mechanical deformation provide physical sig-
nals necessary for normal fetal lung development (10-12).

The ErbB family of tyrosine kinase receptors consists of four
receptors: Epidermal growth factor receptor (EGFR? also called
ErbB1), ErbB2, ErbB3, and ErbB4. These receptors have a single
transmembrane domain separating an intracellular kinase
domain from an extracellular ligand-binding domain. ErbB
receptors are activated by a variety of receptor-specific ligands.
Ligand binding induces receptor homo- or hetero-dimerization
that is essential for activation of the tyrosine kinase and subse-
quent recruitment of target proteins and initiation of signaling
cascade (13). EGF and transforming growth factor (TGF)-« are
the ligands for EGFR, heparin binding (HB)-EGF binds to EGFR
and ErbB4 and neuregulin (NRG) is the ligand for ErbB3 and
ErbB4 (14). Each ligand is synthesized as a transmembrane pre-
cursor and is proteolytically cleaved to release the biologically
active mature protein (15).

The importance of EGFR in lung development is well estab-
lished (16). EGFR is critical for branching morphogenesis,
alveolarization, and differentiation of type II epithelial cells
(17-19). Previous studies from our laboratory demonstrated
that mechanical stretch of fetal type II epithelial cells, simulat-
ing fetal breathing movements, activates EGFR (20). In addi-
tion, we showed that mechanical strain promotes fetal type II
cell differentiation via shedding of HB-EGF and TGF-« (21).
However, the precise signaling mechanisms through EGFR and
interactions with the other ErbB receptors in mechanotrans-
duction during lung development are unknown. ErbB2 and
ErbB3 seem to contribute to fetal lung epithelial cell prolifera-
tion (22). ErbB4 receptor plays a critical role in central nervous
system and cardiac development (23). In addition, ErbB4 regu-
lates late fetal lung development and type II cell differentiation
(24-27). Deletion of ErbB4 in vivo leads to delayed fetal lung

2 The abbreviations used are: EGFR, epidermal growth factor receptor, SP-C,
surfactant protein-C; NRG, neuregulin; TGF-¢, transforming growth fac-
tor-a; HB-EGF, heparin-binding EGF-like growth factor; ERK, extracellular-
regulated protein kinase.
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development (27) and alveolar simplification (26) and down-
regulation of ErbB4 receptors in cultured type II cells blocked
neuregulin stimulation of surfactant production (24). There-
fore, given the role of ErbB4 in epithelial cells maturation, we
investigated whether this receptor participates in stretch-in-
duced signaling and type II cell differentiation. In addition, we
analyzed whether ErbB4 receptor plays a compensatory role in
the absence of EGFR, since it is the prominent dimerization
partner in fetal type II cells (25). Lastly, we studied how stretch-
induced release of ligands is regulated. Given the severity of
lung underdevelopment observed in EGFR knock-out mice we
hypothesized that the presence of EGFR is critical for stretch-
induced type II cell differentiation.

EXPERIMENTAL PROCEDURES

EGFR Knock-out Mice—EGFR knock-out mice were a gener-
ous gift from Dr. Zena Werb (17). Embryos used in this study
were derived from intercrosses between EGFR * mice in a
Swiss-Webster genetic background. Animals were housed in
the Central Research facilities at Rhode Island Hospital. The
following 2 set of primers were used for genotyping: Homozy-
gous: ~375 bp band (5'-GAT GGA TTG CAC GCA GGT
TCT-3',5'-AGG TAG CCG GAT CAA GCG TAT-3'). Wild-
type: ~250 bp band (5'-CCT AGC TGT CACCAA CCCTTT-
3’, 5'-GAC GAA GAG CAT CAC AAG GAG-3). The cycling
conditions were: 1 X @ 94 °C for 2 min; 35X @ 94 °C for 45 s,
59 °C for 1 min, 72 °C for 1 min; 1 X @ 72 °C for 5 min. The PCR
products were then subjected to 1% agarose gel. EGFR knock-
out fetuses were reliably recognized as early as E16 of gestation
by their open-eye phenotype.

Cell Isolation and Stretch Protocol—Animal experiments
were performed in compliance with the Lifespan Institutional
Animal Care and Use Committee, Providence, RI. Fetal mouse
lungs were obtained at embryonic day 17 from wild-type and
EGEFR knock-out timed-pregnant mice after intra-peritoneal
administration of pentobarbital sodium. The plug date was
considered Day 0.5 of pregnancy. Type II cells were isolated as
previously described (28). Briefly, after collagenase digestion,
cell suspensions were sequentially filtered through 100-, 30-,
and 15-pum nylon meshes using screen cups (Sigma). Clumped
non-filtered 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) pre-
coated with laminin-1 (2 pg/cm?). Monolayers were main-
tained for an additional 24 h until reached ~80% confluency
and then mounted in a Flexcell FX-4000 Strain Unit. An equi-
biaxial cyclical strain regimen of 5% was applied at intervals of
40 cycles/min for different lengths of time. Cells were grown on
non-stretched membranes in parallel and were treated in an
identical manner to serve as control.

Immunoprecipitation and Western Blotting of ErbB Receptors—
Immunoprecipitation experiments were performed as previ-
ously described (25). 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 deoxy-
cholate, 0.1% SDS) with 1 mm Na3VO4, 1 mm NaF, and protease
inhibitor mixture (Thermo Scientific). 300 ug of total protein
were incubated with ErbB2 (Abcam cat. ab2428), ErbB3 (Santa
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Cruz Biotechnology cat. sc-285) or ErbB4 (Santa Cruz Biotech-
nology cat. sc-283; Cell Signaling cat. 4795) antibodies over-
night at 4 °C. The following day, protein-A-Sepharose beads
were added and incubated for an additional 3 h. The beads were
collected by centrifugation at 3,000 rpm at 4 °C for 1 min,
washed three times with PBS (containing 1 mm Na,;VO,, 1 mm
NaF, and protein inhibitor mixture), denatured in sample
buffer for 10 min at 70 °C, and subjected to 4 -12% gradient gel
and transferred to PVDF membrane. Anti-phosphotyrosine
antibody (PY350, Santa Cruz Biotechnology, 1: 500) was used to
detect the level of phosphorylation of ErbB2 and ErbB3. ErbB4
receptor activation was analyzed using a phospho-ErbB4 anti-
body (Cell Signaling cat. 4757). 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 the ErbB receptor to detect the total ErbB
protein. Intensity of the bands was evaluated by densitometry
and the ratio of phosphorylation to total receptor protein was
used to determine the level of activation of each receptor.

Transient Transfection by Electroporation—Type 11 cells
were transiently transfected using Amaxa Nucleofector appa-
ratus as previously described (21). Isolated type II epithelial
cells were plated on T75 flasks. The following day, cells were
harvested by trypsinization and aliquots of 2 X 10° cells in
RPMI with 10% FBS were centrifuged at 100 X g for 10 min;
supernatants were discarded, and cell pellets were resuspended
in 100 ul of Basic Nucleofector Solution (Primary Mammalian
Epithelial Cells Protocol, Amaxa). Each sample was mixed indi-
vidually with 2 ug of plasmid DNA. For ligand release, plasmids
encoding alkaline phosphatase (AP)-tagged expression vectors
for HB-EGF or TGF-a, were added. These vectors were a gen-
erous gift from Dr. Carl P. Blobel, Weil Medical College of Cor-
nell University, New York and they had been previously
described (29). To overexpress ErbB4, a human ErbB4 plasmid
containing a GFP tag and an empty vector as a negative control
were used (30). ERK pathway was activated using the plasmid
pMCL-MKK1-R4F (DeltaN3/S218E/S222D), a generous gift
from Dr. Natalie G. Ahn, University of Colorado. To knock-
down ErbB4, 2 um siRNA for ErbB4 (ON-TARGET plus
SMART pool mouse ErbB4) and control (siGENOME Control
pool non-Targeting 2), both from Dharmacon, Thermo Scien-
tific, were used. Samples were then transferred into the appro-
priate cuvettes and subjected to electrical pulses using the
Amaxa Nucleofactor™ II apparatus (Amaxa). Samples con-
taining no DNA were treated in an identical manner and served
as negative controls (pulse only). Based on previous studies
from our laboratory (31), a T-13 program from Amaxa Biosys-
tems was selected. After electroporation, samples were then
transferred into bioflex plates precoated with laminin-1 and left
undisturbed for 24 h in a culture incubator. Transfection effi-
ciency using the control vector pmaxGFP was around 50%. 24 h
after transfection, monolayers were exposed to mechanical
strain for different periods of time.

EGIR Ligand Shedding Assay—This method was adapted
from Wang et al. (21). Monolayers transfected with AP-tagged
EGER ligands were exposed to different stretch protocols. After
experiments, cell medium (2 ml/well) from static and stretched
samples were collected and centrifuged at 16,000 X g for 30
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min. Supernatants were saved at —80 °C until further use.
Monolayers were lysed by adding 0.5 ml/well of buffer contain-
ing 1X PBS, 1% TritonX-100 and protease and phosphatase
inhibitors. Lysates were centrifuged and saved at —80 °C. Anal-
ysis and quantification of EGFR ligand shedding was performed
by running the concentrated supernatants on SDS-polyacryl-
amide gels and staining the gels for alkaline phosphatase (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 (Amersham Biosciences, cat# 17-0440-
03) was added (after equilibrated and resuspended 1:1 in PBS
plus protease and phosphatase inhibitors) to every 2 ml of cell
supernatant and incubated at 4 °C rotating for 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 100V
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 mm
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
mg BCIP to the detection buffer (100 mm Tris-HCl 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). Preliminary experiments showed that cyclic stretch for
30 min induced maximum release of ligands into the superna-
tant; therefore, this time point was used for the experiments.

Real-Time PCR—Total RNA was isolated as previously
described (5) and purified further using the Turbo DNA-free
kit (Ambion, Austin, TX). Total RNA was reverse-tran-
scribed into cDNA using the iScript™ c¢cDNA Synthesis Kit
(Bio-Rad) according to the manufacturer’s instructions. Pre-
designed TagMan® SP-C (cat. Mm00488144._m1), SP-B (cat.
Mm0045681_m1) and ABCA3 (cat. Mm0550501_m1) primers
were purchased from Applied Biosystems. To amplify the
¢DNA by qRT-PCR, 50 ng of the resulting cDNA were added to
a mixture of 10 wl of 2X TagMan Universal PCR Master Mix
(Applied Biosystems) and 1 ul of 20X Gene Expression Assay
Mix containing forward and reverse primers and TaqMan-la-
beled probe (Applied Biosystems). Samples were normalized to
the 18 S rRNA. The reactions were performed in an ABI Prism
7000 Sequence Detection 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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Immunohistochemistry—E17 lungs were fixed in 4% parafor-
maldehyde and processed into serial paraffin sections using
routine procedures. To detect the presence of glycogen in epi-
thelial cells, tissue sections from wild-type and knock-out mice
were stained with periodic acid Schiff (PAS), examined under
the light microscope and photographed. For SP-C immuno-
staining, tissue sections were blocked with normal goat serum
(1:20) for 30 min at room temperature and then incubated with
SP-C antibody (Santa Cruz Biotechnology), 1:100 dilution, at
4 °C overnight. Alexa Fluor goat anti-rabbit secondary antibody
(Molecular Probes) was used at 1:500 dilution for 1 h at room
temperature. To quantify the presence of SP-C-positive cells,
10 random fields from 3 separate animals were evaluated. The
number of SP-C positive epithelial cells was divided by the total
number of cells present in the acinar tubules/sacs. To assess the
intensity of SP-C positive cells, ten 12 bit grayscale images were
acquired per specimen with a Nikon E800 microscope (Nikon Inc.
Melville, NY) using a 40X PlanApo objective and a Spot RT3 cam-
era. Camera settings were based on the brightest slide and the
cameras built-in green filter was used to increase image contrast.
(Diagnostic Instruments, Sterling Heights MI). All subsequent
images were acquired with the same settings. Image processing
and analysis was performed using iVision image analysis software.
Positive staining was defined through intensity thresholding for
total cell counts and mean intensity measurements.

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

EGFR Deficiency Prevents Endogenous and Mechanical
Stretch-induced Type II Cell Differentiation—EGFR and
mechanical forces are both important for fetal lung develop-
ment (1-7, 17-19). Therefore, we investigated first differentia-
tion of fetal type II epithelial cells and the effect of mechanical
stretch in EGFR knock-out mice. SP-B, SP-C, and ABCA3
mRNA, all genes related to type II epithelial cell differentiation,
were reduced by ~50% in the lung tissue from EGFR knock-out
mice when compared with normal lungs (Fig. 1A4). Similar
results were observed in SP-C protein abundance (Fig. 1B, left
panels). We also investigated whether type II cells/total lung
cells ratio is different between wild type and mutant lungs. Fig.
1B, right panels shows a 50% reduction in the number of SP-C
positive cells in knock-out lung tissue when compared with
normal lung; whereas no difference was observed in the inten-
sity of SP-C staining between both tissues. Type II cell differen-
tiation is accompanied by a reduction in cytoplasmic glycogen
content. Immunohistochemistry of glycogen expression dem-
onstrated an increased staining in the epithelial cells lining the
acinar tubules/sacs in knock-out lungs compared with normal
lungs (Fig. 1C), as a marker of delayed differentiation. SP-C is
the most specific marker of type II cell differentiation (32). Pre-
vious studies from our laboratory have shown that mechanical
stretch, simulating fetal breathing movements, increases SP-C
expression (3). Therefore, we analyzed the effect of stretch on
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mRNA expression of SP-B, SP-C, and ABCA3 genes. n = 3;*, p < 0.05 versus WT. B, left panels: lungs were isolated on E17 of gestation from WT and KO mice and
processed by Western blot to detect SP-C protein levels (n = 3; *, p < 0.01). Right panels, lung tissue from WT and KO mice was processed, as described in
“Experimental Procedures,” to evaluate the presence of SP-C-positive cells (green, arrows). Nuclei were counterstained with DAPI (blue) * (red blood cell). Bar,
20 um. Shown are representative images from three independent experiments. Graphs depict quantification of SP-C-positive cells normalized to the total
number of epithelial cells present in the acinar tubules/sacs (n = 3; ¥, p < 0.05) and fluorescence intensity of SP-C-positive cells between WT and KO tissues.
C, PAS staining of E17 lung tissue demonstrating an increase of glycogen-positive epithelial cells (arrows) in the acinar tubules/sacs of knock-out lungs when
compared with normal lungs. Bar, 100 um. D, type Il cells from WT and KO mice were isolated on E17 of gestation and exposed to 5% cyclic stretch for 16 h.
Samples were analyzed by qRT-PCR to assess SP-C mRNA expression.n = 3;*, p < 0.05 versus control. E, type Il cells from WT and KO mice were isolated on E17
of gestation and exposed to 5% cyclic stretch for 16 h. Samples were processed by Western blot to detect SP-C protein abundance. The upper panel shows a

representative blot. n = 3; *, p < 0.05 versus control.

SP-C mRNA and protein abundance. As shown in Fig. 1D, 5%
cyclic stretch for 16 h increased SP-C gene expression by 50%
(1 = 0.06 versus 1.49 = 0.02) in cells isolated from wild-type
mice but not in cells isolated from knock-out mice. Likewise,
mechanical stretch increased SP-C protein levels 2-fold (0.26 *
0.006 versus 0.49 = 0.07) in type II cells isolated from wild-type
mice only (Fig. 1E).

ERK Pathway Regulates Stretch-induced Fetal Type II Cell
Differentiation—W e have previously shown that ERK pathway
participates in stretch-induced type II cell differentiation (20).
We therefore investigated whether the absence of EGER affects
activation of ERK by stretch. Mechanical stretch of wild-type
type II cells increased phosphorylation of ERK by 2-fold (5.8 +
0.27 versus 11.9 = 1.8). In contrast, ERK phosphorylation did
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not change after stretch in cells isolated from knock-out mice
(6 £ 2 versus 6.1 = 1.6) (Fig. 2A). Overexpression of a constitu-
tively active MEK increased ERK phosphorylation by 4-fold
when compared with knock-out control cells (Fig. 2B). Activa-
tion of ERK pathway in EGFR-deficient cells rescued type II cell
differentiation defect by increasing SP-B, SP-C, and ABCA3
gene expression by 3.5-fold, 5-fold, and 2.5-fold, respectively,
when compared with knock-out cells transfected with empty
vector (Fig. 2C). These data, along with the previous figure,
support the role of EGFR and ERK pathway in stretch-induced
type II cell differentiation.

ErbB4 Receptor Expression Is Decreased in EGFR Knock-out
Mice—Next, we studied protein abundance of the ErbB family
of receptors in EGFR knock-out mice to answer the question
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whether there is a compensatory response from the other
receptors in the absence of EGFR. In whole lung tissue (Fig. 34)
as anticipated, no EGFR protein was present in knock-out mice.
ErbB2 receptor increased by 1.8-fold (1.38 = 0.05 versus 2.49 *
0.11), and ErbB3 by 4.5-fold (0.25 = 0.05 versus 1.13 = 0.03). In
contrast, ErbB4 receptor protein abundance decreased by 44%
when compared with wild-type mice (1.23 £ 0.06 versus 0.69 =
0.05). In isolated type II cells (Fig. 3B), no significant differences
in ErbB2 or ErbB3 receptor protein between knock-out and
wild-type cells were observed. ErbB4 receptor protein expres-
sion decreased by 30% in type II cells isolated from knock-out
mice (3.24 * 0.27 versus 2.27 = 0.18).

ErbB Receptors Phosphorylation and Dimerization in Re-
sponse to Stretch in Wild-type Fetal Type II Cells—Previous
studies from our laboratory have shown that mechanical
stretch activates EGFR (20). Therefore, we studied next
whether mechanical stretch stimulates other receptors of the
ErbB family. For these experiments, monolayers were exposed
to 5% cyclic stretch for different periods of time; collected pro-
teins were immunoprecipitated with different ErbB receptor
antibodies and immunoblotted with phosphotyrosine (Ptyr) or
phospho-ErbB4 antibodies to detect activation. Our results
show that mechanical stretch did not activate ErbB2 in type II
cells isolated from wild-type rodents (Fig. 4A4). ErbB3 phos-
phorylation increased by 2.5-fold after 5 min of cyclic stretch
(2 = 0.1 versus 4.95 = 0.45) (Fig. 4B). Similarly, ErbB4 receptor
phosphorylation increased by 2-fold after 1 min of stretch
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(0.98 = 0.05 versus 1.88 * 0.21). Compared with stretch, NRG,
the ligand for ErbB4, increased ErbB4 phosphorylation by 2.5-
fold (Fig. 4C). Interestingly, ErbB4 receptor precipitated EGFR
(Fig. 4C, lower panel), whereas no precipitation of EGFR was
observed with ErbB2 or ErbB3 receptors under these condi-
tions (data not shown). Specificity of EGFR-ErbB4 interactions
was confirmed by precipitating samples with EGFR and immu-
noblotting with ErbB4 (supplemental Fig. S1). Taken together,
the above described results show that mechanical stretch acti-
vates ErbB3 and ErbB4. In addition, ErbB4 precipitated EGFR,
suggesting tight interactions between these two receptors.
ErbB4 Regulates Stretch-induced Type II Cell Differentiation
via ERK—Next, we investigated whether ErbB4 is involved in
ERK phosphorylation and thereby regulating stretch-induced
fetal lung type II cell differentiation. To answer this question,
ErbB4 was down-regulated with siRNA in lung type II cells.
Experiments demonstrated undetectable levels of ErbB4
mRNA by qRT-PCR 48 h after transfection with siRNA for
ErbB4 (data not shown). Fig. 54 shows that mechanical stretch
increased ERK phosphorylation by 2.6-fold (0.52 = 0.06 versus
1.36 £ 0.17). In samples transfected with siRNA ErbB4, ERK
phosphorylation decreased by 40% in non-stretched samples
and by 50% after mechanical stretch when compared with
scramble stretched samples (1.36 = 0.17 versus 0.69 = 0.07).
Similar effects were seen for the differentiation marker SP-C
analyzed by qRT-PCR (Fig. 5B), SP-B and ABCA3 (supplemen-
tal Fig. S2). Furthermore, constitutively active MEK rescued
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SP-C mRNA and protein expression in ErbB4 down-regulation
to the level induced by stretch in normal cells (Fig. 5, B and C).
All together, our data clearly demonstrate that ErbB4 receptor
regulates stretch-induced fetal type II epithelial cell differenti-
ation via ERK.

ErbB4 Receptor Is Not Activated in the Absence of EGFR—
Next, we investigated ErbB4 phosphorylation in EGFR knock-
out lungs. Unexpectedly, neither mechanical stretch nor NRG
activated ErbB4 in EGFR-deleted cells (Fig. 6A). Because ErbB4
receptor protein is decreased in EGFR knock-out lungs and to
rule out this as a possible cause for the lack of activation, we
overexpressed ErbB4 in EGFR knock-out type II cells (Fig. 6B,
upper panel). In wild-type cells, ErbB4 overexpression potenti-
ated the effect on ErbB4 activation by stretch or NRG (Fig. 6B,
lower panel) when compared with wild-type cells containing
endogenous EGFR and ErbB4 expression (Fig. 4C). In EGFR-
deleted cells, ErbB4 overexpression was not able to rescue
stretch-induced ErbB4 phosphorylation (Fig. 6C) or differenti-
ation (Fig. 6D), providing additional support that the lack of
ErbB4 phosphorylation is due to the absence of EGFR. All
together, these results show that EGFR is necessary for NRG-
and stretch-induced ErbB4 phosphorylation.

Stretch-mediated Release of Ligands Is Regulated by EGER
and ERK Pathway—Next, we addressed whether stretch-re-
lease of ligands depends on the presence of EGFR. HB-EGF is a
ligand for EGFR and ErbB4 whereas TGF-« only binds to EGFR
(13). Our results show that, in type II cells isolated from wild-
type mice, HB-EGF release was increased by 2.2-fold after 5%
cyclic stretch for 30 min (0.26 % 0.006 versus 0.57 = 0.06). In
EGEFR knock-out mice, mechanical stretch still released HB-
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EGF into the supernatant although to a lower magnitude than
in wild-type cells (85% increase, when compared with controls)
(0.20 %= 0.02 versus 0.37 £ 0.02) (Fig. 7A). Mechanical stretch
shed 85% more TGF-a into the supernatant in wild-type type II
cells (0.16 = 0.02 versus 0.33 = 0.02). In contrast, no changes
were observed in knock-out mice (Fig. 7B). These data suggest
that stretch-induced release of ligands is under control of the
ErbB receptor they bind to.

In addition, inhibition of EGFR and ErbB4 phosphorylation
(33) using tyrphostin AG1478 (Fig. 7C) or blockade of the ERK
pathway with the selective inhibitor U0126 (Fig. 7C) inhibited
stretch-induced release of HB-EGF and TGF-a, confirming
that shedding of ligands by stretch is mediated via ErbB recep-
tor/ERK signaling pathway.

DISCUSSION

EGER participates in lung maturation mediated by mechan-
ical forces (20). However, the role of other receptors of the ErbB
family in mechanotransduction during fetal lung development
is unknown. In this study, we found that EGFR and ErbB4 reg-
ulate stretch-induced differentiation of fetal type II epithelial
cells via the ERK pathway. In addition, interactions between
EGEFR and ErbB4 are important for lung development and type
II cell differentiation. These conclusions are supported by the
fact that even though mechanical strain phosphorylates ErbB4,
activation of this receptor by stretch or NRG only occurred in
the presence of EGFR. Moreover, EGER function is not com-
pensated by ErbB4 in EGFR knock-out mice. A final conclusion
from our studies is that shedding of ligands by stretch is under
control of the ErbB receptor and ERK signaling pathway.
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The EGFR knock-out mice provide an excellent model to
investigate ErbB receptor signaling in lung development. When
compared with waved-2 mice for example (34) in which the
EGER is fully expressed and the ability of the ligand to bind to
the receptor and to form dimers remain intact, in EGFR knock-
out mice any signaling by homodimers or heterodimers is
abolished.

EGER knock-out mice survive only for a few days after birth
and suffer from impaired epithelial development in several
organs, including skin, lung, and gastrointestinal tract (17).
Specifically, the lungs of these mice are characterized by an
impaired branching morphogenesis, deficient alveolarization
and septation and immaturity of alveolar type II epithelial cells
(18). Consistent with these observations we found a significant
decrease in the amounts of SP-B, SP-C, and ABCA3, which are
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markers of type Il cell differentiation, in the lung tissue of EGFR
knock-out mice when compared with normal lungs. Further-
more, mechanical stretch increased SP-C mRNA and protein
levels only in type II cells isolated from wild-type mice but not
in EGFR knock-out cells. Given that differentiation of type II
epithelial cells requires EGFR (18) and previous studies from
our laboratory, which revealed that stretch-induced type II cell
differentiation is mediated via release of HB-EGF and TGF-«
ligands (21), we hypothesized and confirmed that the lack of
EGER available for ligand binding prevents type II cell matura-
tion. We also investigated signaling pathways downstream of
EGEFR, in particular the ERK pathway, previously shown to par-
ticipate in stretch-induced type II cell differentiation (20). Our
results show that mechanical stretch did not activate ERK in
EGFR-deficient cells; however, overexpression of a constitu-
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tively active MEK rescued type II cell differentiation defect,
supporting the role of EGFR-ERK signaling pathway in stretch-
induced differentiation of fetal type II epithelial cells.

Genetic redundancy is a problem in gene targeting studies
because functionally relevant proteins can compensate for the
lack of protein product of a targeted gene (34). Our data show
that ErbB2 and ErbB3 protein levels increased in the whole lung
tissue of EGFR knock-out mice, suggesting a potential compen-
satory mechanism for the lack of EGFR. The morphology and
cell composition (type II cells/total lung cells ratio) are different
between wild type and mutant lungs, with a 50% reduction of
type II cells in EGFR knock-out lungs (Fig. 1). Therefore, if
protein abundance of ErbB receptors in the whole lung of
mutant mice were normalized to SP-C, as a type II cell-specific
marker, the compensatory effect for ErbB2 and ErbB3 receptors
would be even greater, whereas no changes would be observed
for ErbB4. In contrast, we did not observe any overexpression of
ErbB receptors in isolated type II cells. These results are not a
surprise given that other cell types, such as fibroblasts for exam-
ple, could compensate the lack of EGFR in type II cells via mes-
enchymal-epithelial communications (25).

ErbB4 receptor plays an important role in fetal lung develop-
ment and type II cell differentiation (24—27). We found that
down-regulation of ErbB4 in normal type II cells, exposed or
not to mechanical stretch, decreased not only ERK phosphory-
lation but also type II cell differentiation. These results support
akey role of this receptor in type II cell differentiation mediated
by mechanical forces. Then, we addressed the role of ErbB4 in
knock-out mice, as one of the ligands released by stretch, HB-
EGF, also binds to ErbB4. We speculated that ErbB4 would play
acompensatory role in the absence of EGFR. However, our data
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show that ErbB4 protein levels were in fact decreased in EGFR
knock-out lungs. These results are intriguing given the role of
ErbB4 in lung maturation and suggest that EGFR and ErbB4
might depend on the presence of each other in lung develop-
ment and type II cell differentiation. This observation is con-
sistent with EGFR and ErbB4 being the prominent dimerization
partners in the fetal lung (25). The interdependency among
ErbB receptors has recently been documented and it has been
shown, for example, that the binding affinity of EGF toward
EGFR is modulated by cellular co-expression of ErbB2 or
ErbB3, even though these receptors do not directly bind to EGF
(14). In addition, EGFR is also known to undergo het-
erodimerization with ErbB2, ErbB3, or ErbB4 in response to
EGF stimulation (35). Because of the lack of compensation by
ErbB4, our findings also explain the phenotype of severe delay
in lung development observed in EGFR knock-out mice.

To further explore the possibility of EGFR-ErbB4 dimeriza-
tion in fetal lung development, we analyzed first the response of
ErbB family of receptors to mechanical stretch and demon-
strated that ErbB3 and ErbB4 receptors were activated by
stretch and is consistent with previous studies from our labo-
ratory showing activation of EGFR after mechanical stimula-
tion (20). Interestingly, ErbB4 co-precipitated EGFR, further
supporting the strong interactions of EGFR and ErbB4 in fetal
lung development. Surprisingly, when similar set of experi-
ments were performed in EGFR knock-out cells, neither
mechanical stretch nor the ligand for ErbB4 NRG, were able to
induce ErbB4 phosphorylation even when ErbB4 was overex-
pressed. These data strongly suggest that EGFR is required for
ErbB4 phosphorylation. Support for these results was also
observed in mouse lung epithelial cell lines where EGF acti-
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vated ErbB4. Because EGF does not bind to ErbB4 directly, the
authors speculated that activation of ErbB4 involves transacti-
vation through EGFR (36). Several studies have reported that
heterodimerization of ErbB4 with other ErbB receptors forms a
high affinity binding complex which enhances the level of auto-
phosphorylation and downstream signaling activation (37).
Our data suggest that, at least for fetal lung cells, dimerization
of ErbB4 with EGFR is a necessary step to stimulate ErbB4
receptor.

Given that the levels of ErbB4 were decreased in EGFR-defi-
cient cells and to rule out that possibility as a reason for the lack
of ErbB4 phosphorylation, ErbB1-deficient type II cells were
transfected with a plasmid to overexpress ErbB4. Our results
confirm that overexpression of ErbB4 cannot recue the lack of
ErbB4 phosphorylation or stretch-mediated type II cell matu-
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ration in the absence of EGFR and further supports the finding
that EGFR is required for ErbB4 signaling.

Although the precise cellular mechanisms for ErbB receptor
activation are not clearly established, receptor-mediated
dimerization upon ligand binding provides the best model so
far to explain homo- and heterodimerization of the EGFR fam-
ily of receptors (38). Heterodimers are generally biologically
more active than homodimers and selective activation of well
characterized signaling transduction pathways depend on
receptor dimerization combinations (14). The reason for a pre-
ferred heterodimerization of EGFR with ErbB4 in fetal lung
epithelial cells is unknown (25). Given the particular conforma-
tion of the dimerization loop, most of the previous studies using
cell lines have identified ErbB2 as the preferred hetero-
dimerization partner for each of the other ErbB receptors (35,
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38). In contrast, our data show a preferred interaction of ErbB4
with EGFR, as previously demonstrated in fetal lung cells (25).
We speculate that co-expression of EGFR with ErbB4 increases
the affinity for their cognate ligands and increases the duration
and intensity of specific signaling pathways, as it has been
shown for p85 and Grb2 phosphorylation (39).

Phenotypes of ErbB receptor knock-out mice are the most
striking proof of the power of receptor heterodimerization (40).
The critical contribution of receptor-receptor interactions to
heart development is clearly observed in ErbB2 null mice,
where NRG-induced ErbB4 homodimers cannot replace the
function of the ErbB2-ErbB4 heterodimer (41). The phenotype
of the EGFR knock-out mice and our in vitro studies also show
the importance of EGFR-ErbB4 dimerization in fetal lung
development. However, these studies have some limitations,
and we cannot completely rule out that the opposite hypothesis
is also true and ErbB4 is necessary for EGFR activation.
Although ErbB4 knock-out mice die early in gestation from
cardiac defects (23), the rescued HER4"**"* transgenic mice (27)
would provide a useful model to analyze ErbB family receptors
signaling in ErbB4-deficient mice.
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Finally, we used this model to investigate how mechanical
stretch regulates release of ligands. Our data demonstrate the
participation of ErbB receptor and ERK signaling pathway.
TGF-q, a ligand for EGFR, is not release in EGFR knock-out
cells exposed to mechanical stretch. In contrast, HB-EGF, a
ligand for EGFR and ErbB4, was shed in EGFR-deficient cells,
albeit to a lower magnitude than in normal cells. Given that
EGEFR activates ADAM17/TACE, the protease that mediates
ectodomain cleavage of various transmembrane proteins (42),
itis possible that in the absence of EGFR the baseline activity of
TACE is decreased, which, accordingly, would explain the
inability to release ligands by stretch. Another interpretation is
that each ErbB receptor regulates the release of ligands they
bind to. That would explain why HB-EGF is still released in
EGEFR knock-out cells. Our data are supported by previous
studies showing that ectodomain shedding of TGF-« is induced
by receptor tyrosine kinase activation and MAP signaling cas-
cades (43, 44).

In summary, our data show that EGFR and ErbB4 are critical
for stretch-induced differentiation of fetal type II epithelial cells
via the ERK pathway. In addition, phosphorylation of ErbB4
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receptor requires the presence of EGFR, suggesting that EGFR-
ErbB4 dimerization may be important for fetal lung develop-
ment. These studies provide novel insights into the cell signal-
ing mechanisms regulating ErbB family of receptors in fetal
lung development. These investigations may facilitate develop-
ment of new strategies to accelerate lung maturation in clinical
conditions where lung development is impaired.
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