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Finigan JH, Vasu VT, Thaikoottathil JV, Mishra R, Shatat
MA, Mason RJ, Kern JA. HER2 activation results in [3-catenin-
dependent changes in pulmonary epithelial permeability. Am J Physiol
Lung Cell Mol Physiol 308: L199-L207, 2015. First published Oc-
tober 17, 2014; doi:10.1152/ajplung.00237.2014.—The receptor ty-
rosine kinase human epidermal growth factor receptor-2 (HER?2) is
known to regulate pulmonary epithelial barrier function; however, the
mechanisms behind this effect remain unidentified. We hypothesized
that HER?2 signaling alters the epithelial barrier through an interaction
with the adherens junction (AJ) protein {3-catenin, leading to disso-
lution of the AJ. In quiescent pulmonary epithelial cells, HER2 and
-catenin colocalized along the lateral intercellular junction. HER2
activation by the ligand neuregulin-1 was associated with tyrosine
phosphorylation of (-catenin, dissociation of -catenin from E-cad-
herin, and decreased E-cadherin-mediated cell adhesion. All effects
were blocked with the HER?2 inhibitor lapatinib. 3-Catenin knock-
down using shRNA significantly attenuated neuregulin-1-induced
decreases in pulmonary epithelial resistance in vitro. Our data indicate
that HER2 interacts with [3-catenin, leading to dissolution of the AJ,
decreased cell-cell adhesion, and disruption of the pulmonary epithe-
lial barrier.

human epidermal growth factor receptor-2; neuregulin-1; receptor
tyrosine kinase; [3-catenin; epithelial cell; permeability; adherens
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THE PULMONARY EPITHELIUM SERVES as the interface for the lung
with the outside world and is responsible for numerous critical
functions central to lung function. In the airways and alveoli,
epithelial cells serve as a physical barrier against toxins and
microorganisms and regulate solute and fluid flux. Numerous
lung diseases are marked by injury to the pulmonary epithe-
lium, leading to disruption of the epithelial barrier, and a rapid
and efficient restoration of the epithelial barrier is essential to
repair of the damaged lung (10, 46). However, understanding
of the mechanisms that regulate cell-cell adhesion and epithe-
lial barrier function in the lung is incomplete.

The epithelial cell barrier consists of epithelial cells joined
by a belt-like apical junctional complex (AJC). The AJC is
responsible for lateral adhesion between cells and acts as an
obstacle to macromolecule diffusion through its major do-
mains, tight junctions (TJ) and adherens junctions (AJ) (15,
29). The TJ acts as a gate, regulating solute flux, and a fence,
preventing diffusion of proteins and lipids between the outer
leaflet of the apical and basolateral plasma membrane domains.
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The AJ is essential for cell-cell adhesion. The AJ protein
B-catenin connects the intracellular actin cytoskeleton to the
transmembrane protein epithelial (E)-cadherin. E-cadherin, in
turn, bridges extracellularly in trans with an E-cadherin mole-
cule on an adjacent epithelial cell to establish cell-cell adhesion
(22, 49). Thus B-catenin is a critical participant in maintaining
cell-cell adhesion and has been linked to pulmonary epithelial
barrier function (51).

Injury to the pulmonary epithelium by infection, inflamma-
tion, physical trauma (mechanical ventilation), inhaled parti-
cles (cigarette smoke), and allergic reactions (asthma) disrupts
the AJ and epithelial barrier function. The net result is loss of
cell-cell adhesion, increases in ion, molecule, and water per-
meability, epithelial cell apoptosis, necrosis, and sloughing
followed by either regeneration of the epithelium or replace-
ment with fibrous hyaline membranes. (3-Catenin is central to
the injury-repair process in the pulmonary epithelium, through
both its structural capacity in regulating cell-cell adhesion and
its signaling function, where it translocates to the nucleus and
binds to the T cell factor (TCF) and lymphoid-enhancing factor
1 transcription factors to trigger gene transcription.

The tyrosine kinase receptor human epidermal growth factor
receptor-2 (HER2) is expressed on the basolateral surface of
airway and alveolar epithelial cells (44). A member of the
epidermal growth factor receptor (EGFR or HER1) family of
receptor tyrosine kinases (RTKs), HER2 is activated when the
ligand neuregulin-1 (NRG-1) binds the receptor HER3, induc-
ing HER2/3 heterodimerization, and activates the HER2 kinase
domain, leading to HER2 autophosphorylation and initiation of
subsequent HER2-dependent downstream signaling cascades
(12). HER?2 signaling has been demonstrated to participate in
numerous cellular processes, including lung growth and devel-
opment, cell proliferation, and migration (5, 33).

We have previously demonstrated that HER2 regulates pul-
monary epithelial paracellular permeability in the context of
inflammatory lung injury (11, 13, 14, 30). Although the mech-
anisms of HER2-mediated loss of epithelial barrier function
remain elusive, existing evidence supports the notion that
HER?2 could signal through B-catenin to influence cell-cell
adhesion; both HER2 and {3-catenin localize to the basolateral
membrane of cells, and -catenin signaling is influenced by
tyrosine phosphorylation, suggesting a possible interaction
between these two signaling molecules.

We hypothesized that HER2 interacts with the AJ protein
B-catenin in human pulmonary epithelial cells and that HER2
activation leads to AJ disruption, altered cell-cell adhesion, and
pulmonary epithelial barrier function. We demonstrate that HER2
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is physically associated with 3-catenin at the AJC and that HER2
activation leads to (3-catenin phosphorylation, (3-catenin dissoci-
ation from E-cadherin, decreased E-cadherin-mediated cell-cell
adhesion, and decreased transepithelial resistance (TER). In con-
trast, the ligand TGF-a induced HER2 and (3-catenin phosphor-
ylation, but the TGF-a effect on (3-catenin was independent on
HER?2, indicating that the NRG-2 pathway is distinct from other
signaling pathways activated by HER?2.

MATERIALS AND METHODS

Reagents. Antibodies targeting HER2 (C-18), phospho-HER2
(Tyr-1248), and GAPDH (6C5) were from Santa Cruz Biotechnology
(Santa Cruz, CA). Antibodies directed against phospho-B-catenin
(Tyr-654) (ab24925) and p-84 (ab487) were from Abcam (Cambridge,
MA); B-catenin (no. 9562), E-cadherin (no. 3195), and Na,K-ATPase
(no. 3010) were from Cell Signaling (Danvers, MA). The affinity-
purified Alexa Fluor 488 donkey anti-rabbit (A21206) and Alexa
Fluor 555 donkey anti-mouse (A31570) IgG were from Molecular
Probes (Eugene, OR). Recombinant human NRG-1 and IL-13 were
from R&D Systems (Minneapolis, MN) and Biosource (Camarillo,
CA), respectively. Lapatinib ditosylate (GW-572016) was from Bio-
vision (Milpitas, CA). Calcein-acetoxymethyl (AM) ester was from
Life Technologies (Carlsbad, CA).

Cell culture and treatments. NuLi-1 cells (ATCC, Manassas, VA), a
nontransformed, human airway epithelial cell line (50), normal human
bronchial epithelial (NHBE) cells, and primary human type II (ATII) and
type I-like (ATI) alveolar epithelial cells (45) were maintained as previ-
ously described (13). A549 and NCI-H292 cells derived from a human
lung adenocarcinoma were obtained from ATCC.

Western blotting. Western blotting was performed as previously
described (11, 30). Protein lysates for membrane and nuclear fractions
were prepared using FractionPrep Cell Fractionation Kit per the
manufacturer’s instructions (Biovision).

Fluorescence and confocal microscopy. Cells were transfected with
a HER?2 yellow fluorescent protein, cultured overnight in reduced serum
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condition (DMEM/F12 with 1% FBS), exposed to NRG-1 (20 mM) or
vehicle with or without Lapatinib (2 M, 30-min pretreatment), fixed in
ice-cold methanol, washed with PBS, and blocked with 1% BSA pre-
pared in PBS. Cells were then stained overnight with (3-catenin primary
antibody. The following day, cells were washed and incubated with
Alexa Fluor 555-tagged secondary antibody. Immunofluorescence im-
ages were obtained using a LSM 700 confocal microscope.

Adherence assay. Pulmonary epithelial cell adherence to recombi-
nant E-cadherin Fc chimera-coated plates was measured as described
previously (48). Briefly, the recombinant E-cadherin Fc chimera
(R&D Systems) was incubated overnight in 96-well plates at 4°C.
Calcein-AM-labeled cells were then added to each well. After 45 min
to allow adherence, cells were treated with or without Lapatinib (2
M, 30-min pretreatment), and then exposed to NRG-1 (20 nM);
fluorescence was read at an excitation wavelength of 480 nm and an
emission wavelength of 530 nm.

Electrical resistance measurement. Electrical resistance was deter-
mined using an ohmmeter (World Precision Instruments, Sarasota,
FL) as previously described (13, 44).

Generation of HER2, EGFR, and B-catenin-null cell line. NuLi-1
cells were infected with a control, nontargeting (NT), or specific
HER2, EGFR, or 3-catenin-targeting short hairpin RNA (shRNA) in
lentivirus (2 X 10° plaque-forming units) containing a puromycin
resistance gene obtained from Functional Genomics Core, University
of Colorado, Boulder, CO and selected with puromycin.

Statistical analysis. Values are expressed as means * SE. Groups
were compared using ANOVA followed by Bonferroni’s posttest.
P < 0.05 was considered significant.

RESULTS

HER?2 and B-catenin are physically associated in pulmonary
epithelia. As they are both localized to the basolateral mem-
brane in polarized epithelial cells, we sought to determine
whether a physical association existed between HER2 and
B-catenin. Immunoprecipitation of HER2 from primary NHBE
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Fig. 1. Human epidermal growth factor |B: B-Catenin
receptor-2 (HER2) is associated with
{-catenin in unstimulated pulmonary epithe-
lial cells. Primary human alveolar type I and
II (ATI and II), NuLi-1, A549, and H292 (A) c
and normal human bronchial epithelial HER2-YFP

(NHBE) cells (B) were grown at an air-fluid
interface (ALI) and lysed, and HER2 was
immunoprecipitated (IP) followed by West-
ern immunoblotting (IB) performed for
B-catenin. IgG served as a negative control.
C: NuLi-1 cells were transfected with a
HER?2 yellow fluorescent protein (YFP) con-
struct, and HER2-3-catenin was assessed by
confocal microscopy for HER2 (green) and
B-catenin (red). D and E: enlarged images of
merged HER2-B-catenin staining (E, yel-
low). Arrows identify merged HER2-(-
catenin staining along the basolateral mem-
brane. n = 3.
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as well as ATI and ATII epithelial cells followed by [-catenin
immunoblotting revealed a HER2-[3-catenin association under
basal conditions (Fig. 1, A and B). This association was also
observed in NuLi-1 cells, an immortalized, nontransformed
airway epithelial cell line, as well as the lung adenocarcinoma
epithelial cell lines A549 and H292, indicating that the HER2-
[B-catenin association is consistent across different types of
pulmonary epithelial cells. Immunofluorescence imaging of
NuLi-1 cells transfected with a HER2 yellow fluorescent pro-
tein plasmid and stained for [3-catenin confirmed colocalization
of HER2 and -catenin along the lateral aspect of the cell-cell
junction (Fig. 1, C-E) as well as some costaining at the cell
surface.

HER?2 activation leads to B-catenin phosphorylation. The
physical association between the tyrosine kinase HER2 and
[B-catenin suggests a possible functional interaction. Tyrosine
phosphorylation of (3-catenin regulates function and integrity
of the AJ (27, 28). As HER?2 is a tyrosine kinase, we next
determined whether HER?2 activation led to tyrosine phosphor-
ylation of B-catenin. In silico analysis of (-catenin using
Phospho.ELM predicted that B-catenin tyrosine (Y)-654 is
readily phosphorylated, and this site has been linked to cell-cell
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adhesion (34). Therefore, we sought to determine whether
NRG-1-HER?2 signaling led to Y-654 phosphorylation. As can
be seen in Fig. 2, A and B, in NuLi-1 cells grown to confluence
at air-liquid interface (ALI), NRG-1 led to a fivefold increase
in Y-654 B-catenin phosphorylation (P < 0.05, NRG-1 vs.
control 30 min), which was blocked by lapatinib, a small-
molecule inhibitor that blocks the ATP binding site of the
HER?2 kinase (Fig. 2C), confirming a requirement for HER2
activation in [3-catenin phosphorylation by NRG-1. This sig-
naling was confirmed in primary NHBE cells grown to con-
fluence at ALI. Similar to NuLi-1 cells, NRG-1 increased
B-catenin Y-654 phosphorylation in NHBE cells almost sev-
enfold at 60 min (P < 0.01), which was blocked by lapatinib
(Fig. 2, D-F). Although there were differences in the kinetics
of [-catenin phosphorylation between NuLi-1 and NHBE
cells, tyrosine phosphorylation peaked between 10 and 60 min
and persisted for up to 6 h in both cell types.
B-catenin-E-cadherin disassembly following HER2 activa-
tion. Phosphorylation of B-catenin at Y-654 has been reported
to disrupt its association with E-cadherin and has been linked
to disassembly of the AJ (34). We therefore next assessed the
B-catenin-E-cadherin association following NRG-1-induced
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Fig. 2. HER?2 activation results in Y-654 phosphorylation of 3-catenin. A: Western blot for p-Y-654 B-catenin and total B-catenin from confluent NuLi-1 cells
grown at ALI stimulated with neuregulin-1 (NRG-1) (20 nM) with and without lapatinib. B: densitometry of p-Y-654 (-catenin/total B-catenin relative to
corresponding control in NuLi-1 cells. C: Western blot for p-HER?2 and total HER2 from confluent NuLi-1 cells grown at ALI stimulated with NRG-1 (20 nM)
with and without lapatinib. D: Western blot for p-Y-654 3-catenin and total 3-catenin from confluent NHBE cells grown at ALI stimulated with NRG-1 (20 nM)
with and without lapatinib. E: densitometry of p-Y-654 (-catenin/total 3-catenin relative to corresponding control in NHBE cells. F: Western blot for p-HER2
and total HER2 from confluent NHBE cells grown at ALI stimulated with NRG-1 (20 nM) with and without lapatinib. Data are presented as means * SE.

*P < 0.05, experiments, n = 3.

AJP-Lung Cell Mol Physiol « doi:10. 1152/d}plung .00237.2014 - www.ajplung.org

Downloaded from journals.physiology.org/journal

ajplung (049.036.065.194) on April 1 2024.



L202

HER?2 activation in NuLi-1 and NHBE cells. As expected,
coimmunoprecipitation studies confirmed that E-cadherin and
B-catenin were physically associated in NuLi-1 (Fig. 3A, time
0) and NHBE (Fig. 3C, time 0) cells at baseline. However,
following HER?2 activation with NRG-1, there was a signifi-
cant decrease in E-cadherin-f-catenin association. Kinetic
studies in NuLi-1 cells revealed that NRG-1 resulted in an
early decrease in -catenin-E-cadherin association evident at
10 min and 30 min that became significant at 60 min (35%
decrease, P < 0.05) and 360 min (33% decrease, P < 0.05).
Importantly, NRG-1-mediated dissociation was completely
blocked with lapatinib. These findings were confirmed in
NHBE cells exposed to NRG-1 with and without lapatinib.
NRG-1 resulted in a HER2-dependent 36% decrease in
B-catenin-E-cadherin association at 360 min in NHBE (P <
0.05).

HER? decreases epithelial cell binding to E-cadherin. Epi-
thelial cell-cell adhesion is maintained partially through homo-
typic interactions between extracellular E-cadherin domains of
neighboring cells. 3-Catenin regulates this connection by an-
choring the intracellular domain of E-cadherin to the actin
cytoskeleton. HER2-mediated tyrosine phosphorylation of
B-catenin with dissociation of the E-cadherin-f3-catenin com-
plex suggests that HER2 activation would decrease epithelial
cell interaction with a neighboring epithelial cell E-cadherin
protein. To assess this, we directly measured E-cadherin-
dependent cell adhesion using an E-cadherin-binding assay.
NHBE or NuLi-1 cells were loaded with calcein-AM and
seeded onto E-cadherin-coated plates. Treatment with an E-
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cadherin antibody, a positive control to confirm that binding
was through E-cadherin and not through a nonspecific interac-
tion with the plate, decreased epithelial cell binding (Fig. 4A).
NRG-1 exposure significantly decreased E-cadherin-mediated
cell adhesion at 2 h (P < 0.0001). In contrast, lapatinib
prevented NRG-1-induced decreases in E-cadherin-mediated
cell adhesion. Similarly, in NHBE, NRG-1 induced a 94%
decrease in HER2-dependent E-cadherin-mediated adhesion
(P < 0.004, Fig. 4B), confirming the importance of NRG-1-
HER?2 signaling in regulating AJ-mediated cell adhesion.
NRG-1-HER2-mediated increased TER is [3-catenin de-
pendent. We have previously demonstrated that NRG-1 leads
to HER2-dependent decreases in pulmonary epithelial resis-
tance and increased large-molecule permeability (13). How-
ever, the mechanisms behind this are unknown. To assess
whether the effect of HER2 on pulmonary barrier function
might involve signaling through [-catenin, we generated a
B-catenin-null NuLi-1 cell line using a (-catenin shRNA,
which was compared with a cell line infected with a control,
NT shRNA. Effective B-catenin knockdown was confirmed by
Western blotting (Fig. 5, inset). B-Catenin-null and NT cell
lines were then grown to confluence at ALIL. Importantly, both
B-catenin- and HER2-null cells achieved a baseline resistance
of 1,000 Ohms. (-Catenin knockdown did not alter baseline
resistance of the monolayer, a finding consistent with other
reports (51). NRG-1 exposure induced a significant drop in
TER in NT NuLi-1 cells with a 48% decrease in resistance
compared with controls at 6 h (P < 0.05). However, in
-catenin-null cells, NRG-1 did not significantly alter TER at
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Fig. 3. HER2 activation is associated with (-catenin-E-cadherin dissociation. A: NuLi-1 cells grown at ALI were stimulated with NRG-1 (20 nM) with and
without lapatinib, and E-cadherin immunoprecipitation followed by 3-catenin and E-cadherin Western blotting was performed. B: densitometry of E-cadherin/
-catenin association by coimmunoprecipitation in NuLi-1 cells treated with and without lapatinib relative to corresponding control. C: NHBE cells grown at
ALI were treated with NRG-1 and lapatinib followed by immunoprecipitation for E-cadherin and Western blotting for E-cadherin and 3-catenin. D: densitometry
of E-cadherin/B-catenin association by coimmunoprecipitation in NHBE cells treated with and without lapatinib relative to corresponding control. Data are

presented as means * SE. *P < 0.05, n = 3.
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Fig. 4. HER?2 activation results in decreased E-cadherin-mediated pulmonary
epithelial cell adherence. A: adherence of calcein-acetoxymethyl (AM)-loaded
NuLi-1 cells seeded onto rh-E-cadherin-Fc chimera protein-bound plates.
NuLi-1 cells were loaded with calcein and seeded onto plates coated with an
rh-E-cadherin Fc. Cells were treated with NRG-1 with and without lapatinib
and lapatinib alone. Use of an E-cadherin-blocking antibody served as a
control to demonstrate binding of cells to the plate through E-cadherin. B:
adherence of calcein-AM-loaded NHBE cells in the same fashion as NuLi-1
cells. Data are presented as means = SE. *P < 0.0001, **P < 0.001, P <
0.005, n > 3.

any time point (P = 0.18). These findings confirm that NRG-
1-HER2-mediated changes in resistance are [3-catenin depen-
dent.

HER?2-dependent signaling is ligand specific. Previous re-
ports have identified a physical association between the HER2/
EGFR heterodimer and [(3-catenin phosphorylation after treat-
ment with the EGFR ligand TGF-a in certain cancer cell lines
(38). However, whether this occurs in nontransformed epithe-
lial cells and whether TGF-a-mediated (3-catenin phosphory-
lation requires HER2 have been unstudied (23, 31, 37, 38). To
assess this, NuLi-1 cells transfected with a HER2- or EGFR-
specific ShRNA were exposed to TGF-a, and -catenin Y-654
phosphorylation was measured by Western blot. TGF-a in-
duced strong (3-catenin, HER2, and EGFR phosphorylation in

L203

cells transfected with a NT shRNA (Fig. 6). In EGFR-depleted
cells, there was a dramatic decrease in both HER2 and
B-catenin phosphorylation. In contrast, TGF-a-induced
B-catenin phosphorylation was maintained in HER2 knock-
down cells, demonstrating that TGF-a signaling to 3-catenin is
through EGFR and independent of HER2. These findings
indicate that, whereas NRG-1 and TGF-a can both activate
HER?2 and induce [-catenin phosphorylation, these ligands
signal through distinct pathways, depending on the dimeriza-
tion partner of HER2, namely HER3 vs. EGFR.

DISCUSSION

In this study, we identify mechanisms by which the RTK
HER?2 regulates cell-cell adhesion and pulmonary epithelial
barrier function. We determined that HER? is physically asso-
ciated with the AJ protein -catenin and that HER2 activation
leads to 3-catenin phosphorylation and disruption of 3-catenin-
E-cadherin-mediated cell-cell adhesion. We also confirmed
that the effect of HER2 on pulmonary epithelial resistance is
B-catenin dependent. Finally, we demonstrated that the inter-
action of HER2 with B-catenin is ligand specific with NRG-1
inducing HER2/3 dimerization and HER2-dependent phos-
phorylation of [-catenin, whereas TGF-a induces HER2/
EGFR dimers and HER2-independent phosphorylation of
B-catenin. The association of HER2 with (3-catenin deepens
our understanding of how these two molecules signal and has
implications for numerous processes beyond cell adhesion,
including cell migration, proliferation, and epithelial-to-mes-
enchymal transition, all of which are relevant to a range of
pulmonary diseases, including asthma, the acute respiratory
distress syndrome (ARDS), pulmonary fibrosis, and lung can-
cer.

We identify HER2 as a kinase that mediates critical tyrosine
phosphorylation of (3-catenin. Phosphorylation of [3-catenin

B-Catenin
NT shRNA

p-Catenin E

150 -

125 A

100

Normalized Resistance

< - —& -Con-NTshRNA

75 - - i - & -NRG-1- NTshRNA

=4 =Con-B-Cat shRNA
—#—NRG-1- B-Cat shRNA

*
’
'
’
—E—
‘l
LY
\

50 - . - - T v T -
0 3 6 9 12 15 18 21 24
Time (h)

Fig. 5. HER2-mediated changes in epithelial resistance require {3-catenin.
B-Catenin Western blotting in NuLi-1 cells transfected with a B-catenin
shRNA or a nontargeting (NT) shRNA. Normalized resistance in NuLi-1 cells
transfected with a (-catenin shRNA and a NT shRNA were grown to
confluence at ALI and exposed to NRG-1. Data are presented as means * SE.
*P < 0.05, n = 3.
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influences cell-cell adhesion and signaling in a site-specific
manner. Serine/threonine phosphorylation of 3-catenin leads to
its degradation by the axin-adenomatous polyposis coli com-
plex. In contrast, tyrosine phosphorylation leads to [3-catenin
dissociation from E-cadherin. Consistent with our findings,
Y-654 phosphorylation has been associated with alteration of
the COOH terminus of (3-catenin, freeing it to bind the TCF
transcription factor and increase gene transcription (9, 34). We
identified that HER2 effects on barrier function require
B-catenin (Fig. 5) and that HER2 alters [3-catenin-E-cadherin
interaction and E-cadherin-E-cadherin binding (Figs. 3—4). It
is reasonable to suppose that these facts are related, but we do
not definitely test this. Although it is very possible that these
two events are independent of each other and that HER2
impacts cell adhesion through a process independent of E-
cadherin, a role for -catenin in regulating E-cadherin cell-cell
adhesion is supported by existing literature. 3-Catenin phos-
phorylation can be associated with a decrease in [3-catenin-E-
cadherin interaction and E-cadherin-mediated cell-cell adhe-
sion (36, 47). Indeed Winter et al. (47) demonstrated that G
protein receptors influence E-cadherin-mediated adhesion
though a process dependent on 3-catenin tyrosine phosphory-
lation. Although the exact mechanisms of how loss of
B-catenin interaction with E-cadherin regulates its adhesive
properties is unknown and not a focus of our study, it has been
postulated that loss of catenin-cadherin binding leads to a
conformational change in E-cadherin that alters the extracel-
lular E-cadherin-E-cadherin bond (19). Alternatively, loss of
B-catenin binding might allow for other intracellular proteins
to bind E-cadherin and influence dimerization with E-cadherin
on an adjacent cell. HER2 joins a relatively small list of
kinases that phosphorylate 3-catenin, including Src (36), BCR-
Abl (8), Met (53), and TGF-3 (24, 43). Although it is possible
that the HER2-[3-catenin association is part of a larger macro-
molecular complex or that an intermediary kinase, activated by
HER?2, is responsible for [3-catenin phosphorylation after
NRG-1 exposure or that HER2 activation results in the syn-
thesis or secretion of Wats, our findings that -catenin and
HER?2 are physically associated suggest that HER?2 interacts
with B-catenin in a functional manner.

HER2 can enhance as well as attenuate pulmonary epithelial
barrier function, and our findings linking HER2 and (3-catenin
provide new insights into the mechanisms behind HER2-
mediated barrier regulation. The proinflammatory cytokine
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IL-1B induces NRG-1 shedding and HER?2 activation in both
airway and alveolar epithelia, and both NRG-1 and HER2 (but
not EGFR) are required for IL-13-mediated changes in epithe-
lial barrier function (13). Similarly, NRG-1 activates HER2 in
cooperation with HER3 and increases epithelial barrier disrup-
tion (13). In contrast, using a scratch model, Vermeer and
colleagues (44) demonstrated that NRG-1-HER2 signaling
potentiated wound closure in injured pulmonary epithelial
cells. Whether HER?2 is a barrier-disruptive factor vs. barrier-
protective factor possibly depends on the state of the epithe-
lium. Our data demonstrate that, in quiescent cells, HER2
activation leads to mobilization of the AJ and subsequent loss
of cell-cell adhesion and barrier function. In injured cells,
HER?2 activation promotes cell migration and reforms epithe-
lial contacts, yet whether this process involves (3-catenin re-
mains unknown. However, the role of (3-catenin in reformation
of a competent monolayer in pulmonary epithelia after neutro-
phil exposure (51) combined with our current findings suggest
that (-catenin could be involved in the barrier-disruptive as
well as barrier-restorative functions of HER2.

The classic paradigm of epithelial barrier function posits that
the TJ is largely responsible for paracellular resistance (40)
although this concept is evolving and AJ proteins are now
recognized to influence both cell-cell adhesion and epithelial
barrier function. E-cadherin-mediated cell-cell adhesion is re-
quired for establishment of a competent TJ (6, 16, 18). Loss of
E-cadherin results in decreased zonnula occludens-1 expres-
sion and decreased epithelial resistance in pulmonary airway
epithelial cells (20). In vivo, conditional depletion of epidermal
E-cadherin resulted in aberrant localization of TJ proteins,
decreased resistance, and increased permeability to water (42).
Our data linking B-catenin to epithelial barrier function are
consistent with other findings that identify [-catenin as a
regulator of barrier function. Zemans et al. (51) have demon-
strated that (3-catenin is required to establish the epithelial
barrier after neutrophil transmigration, attributable, at least in
part, to B-catenin-dependent transcription of Cyr61 and Wnt-
inducible signaling pathway protein 1 (52). Whether other
mechanisms are involved in HER2 regulation of epithelial
resistance, such as changes in calcium flux or alterations of TJ
proteins, is unknown. However, our data indicate that HER2-
mediated changes in barrier function require an interaction
with [(3-catenin.
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Alterations in cell-cell adhesion and epithelial barrier func-
tion have been linked to a profibrotic response (1, 2, 7, 39),
and, perhaps not surprisingly, both HER2 and 3-catenin sig-
naling have been tied to models of pulmonary fibrosis. In a
21-day, murine bleomycin-induced pulmonary fibrosis model,
we observed alveolar shedding of NRG-1 as well as persistent
activation of pulmonary HER2 (30). Fibrosis was attenuated
using a pharmacological HER?2 inhibitor in wild-type mice (11)
and in mice deficient in ATII HER2 signaling (30). Similarly,
B-catenin signaling modulates the fibrotic response. TGF-f3
induces Y-654 phosphorylation of 3-catenin, which then inter-
acts with Smad2 to promote epithelial-to-mesenchymal transi-
tion in pulmonary epithelial cells (43). Several in vivo studies
support (3-catenin signaling, particularly phosphorylated Y-654
B-catenin and its role as a transcription factor, as profibrotic in
the lung (3, 4, 21, 25, 26, 43). In contrast, Tanjore and
colleagues (41) have recently demonstrated that ATII cell
deletion of the 3-catenin gene promotes fibrosis in a murine
bleomycin model. Although the exact reasons for the opposing
findings between these studies are unknown, one postulated
mechanism is that a critical amount of 3-catenin signaling is
protective in an injured lung, whereas exaggerated [3-catenin
signaling exacerbates the fibrogenic response. Whether the
profibrotic effect of HER2 activation involves [3-catenin is
currently unknown.

A HER2-f3-catenin association has been identified during
cancer pathogenesis, particularly in concert with EGFR het-
erodimerization or HER2 overexpression, leading to ho-
modimerization. However, how this relates to NRG-1-HER2/3
signaling in nontransformed pulmonary epithelia, where EGFR
is not activated (13), is not clear. HER family signaling is a
multifaceted system governed by factors, such as dimerization
partner, cell surface receptor density, cell type, and specific
ligand. Although HER?2 activation, (3-catenin phosphorylation,
and HER2-B-catenin association after administration of the
EGFR ligand TGF-a have been observed in gastric cancer cells
and breast cancer cell lines, whether 3-catenin phosphorylation
was HER?2 dependent was not specifically investigated (23, 31,
37, 38). Although the HER2 blocker trastuzumab inhibited
both HER2 activation and (-catenin phosphorylation in a
breast cancer cell line (54), an effect on cell-cell adhesion was
not investigated. Our data demonstrate that HER2 is not
required for EGFR-mediated (-catenin phosphorylation in
nontransformed pulmonary epithelial cells after TGF-a expo-
sure. That TGF-a and NRG-1 can both result in HER2 phos-
phorylation with potentially different HER2-dependent effects
on downstream signaling is notable but consistent with previ-
ous reports that different HER family heterodimer pairs (e.g.,
HER?2/3 vs. HER2/EGFR) elicit different intracellular signal-
ing and biological effects (35). For example, activated EGFR
associates with and phosphorylates aCbl and Grb2 only when
dimerized with HER2 but not when dimerized with other HER
family receptors (17, 32). Additionally, although several li-
gands can bind and activate numerous HER receptors, each
ligand elicits specific intracellular responses depending on cell
type (e.g., transformed vs. nontransformed) and the availability
of other HER receptors. In cells devoid of HER2, NRG-1 can
induce EGFR/HER3 dimerization and activation. However,
when HER?2 is present, NRG-1 preferentially induces HER2/3
heterodimers to the exclusion of EGFR that results in activa-
tion of distinct downstream signaling events (13, 17). Addi-
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tionally, the dimerization partner affects duration of receptor
activation, further indicating that cell contexts, i.e., cell type,
tissue, dimerization partner, and ligand, all influence the effect
of HER family signaling. Our findings demonstrate that, unlike
HER family ligands, NRG-1 influences [(-catenin through
HER?2/3 and independent of EGFR in nontransformed pulmo-
nary epithelial cells.

Although treatment strategies against HER2 are currently
used in certain cancers, our data suggest that HER2 might
serve as a therapeutic target in conditions marked by disruption
of pulmonary epithelial cell-cell adhesion and increased epi-
thelial permeability in nontransformed pulmonary epithelial
cells. That NRG-1-HER?2 signaling alters barrier disruption via
B-catenin and that this can be blocked by the small-molecule
inhibitor lapatinib might have translation potential. We have
previously demonstrated that, in patients with ARDS, a disease
marked by altered epithelial barrier function, the NRG-1-
HER2/3 pathway is activated in the lung, suggesting that
lapatinib might be beneficial in these patents, although further
preclinical studies are needed.
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