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Mammalian cells are confronted with changes in extracellular
osmolality at various sites, including the aqueous layer above the
lung epithelium. Hypertonic shock induces the activation of mito-
gen-activated protein kinases and the expression of a defined set
of genes, including aquaporins. We investigated upstream com-
ponents of the response to hypertonicity in lung epithelial cells and
found that before extracellular signal-regulated kinase activation
and aquaporin synthesis, the membrane-bound prohormone neu-
regulin 1-� is cleaved and binds to human epidermal growth factor
receptor 3 (HER3). The signaling is prevented by matrix metal-
loproteinase inhibition, inhibition of neuregulin 1-� binding to
HER3, and inhibition of HER tyrosine kinase activity. Inhibition of
HER activation interferes with the hypertonic induction of two
different aquaporins in three distinct cell lines of mouse and
human origin. We propose that ligand-dependent HER activation
constitutes a generalized signaling principle in the mammalian
hypertonic stress response relevant to aquaporin expression.

cell volume � epithelium � osmotic stress � proteolytic cleavage �
extracellular signal-regulated kinase

Detection of changes in the environment and communication
of information into the cell is fundamental to cellular

function. Numerous extracellular stimuli elicit highly specific
cellular responses. Whereas certain environmental factors such
as heat (1) or UV light (2, 3) appear to elicit direct intracellular
effects, ligand-dependent activation (e.g., by hormones, growth
factors, or cytokines) of membrane-bound receptors is a fre-
quent theme.

Cells at all levels of life are exposed to changes in extracellular
osmolality that require cellular defense mechanisms to maintain
cell homeostasis and volume (4, 5). Hypertonic stress leads to cell
shrinkage over seconds to minutes followed by uptake of ions,
primarily potassium (K�), and water to restore cell volume. Over
the course of several hours, cells exchange ions for organic
osmolytes, relatively nontoxic molecules taken up from the
extracellular space (e.g., betaine, myo-inositol, taurine) or pro-
duced within the cell (e.g., sorbitol).

The mammalian kidney, where osmolality in the renal medulla
may reach 1 M, provides an exquisite example of cellular
adaptation to hypertonicity (6–8). In the lung, the osmolality of
the aqueous surface layer covering the airway epithelium may
range from being hypotonic to �400 milliosmolal (mOsm) (9,
10). Changes in the physical properties of the surface layer,
including its osmolality, can alter the effectiveness of mucociliary
clearance (11), provoke airway constriction (12, 13), or reduce
the bactericidal activity of defensins, antibacterial peptides that
are secreted into the airways (14). These events are relevant to
disease development in the lung (e.g., in the pathogenesis of
infections and in some forms of asthma).

In addition to up-regulation of organic osmolyte transporters,
hypertonicity induces expression of aquaporin (AQP) water-
channel proteins (15–17). Aquaporins are the primary determi-

nants of osmotic gradient-dependent rapid water movement in
or out of cells (18). Hypertonic induction of AQP5, a water-
channel protein expressed in lung and several secretory epithelia
(16), and AQP1, which is expressed at multiple sites including
lung and kidney (16, 17), require activation of mitogen-activated
protein kinase (MAPK) signaling cascades, which are known to
participate in osmotic signaling in yeast and mammals (19).
MAPK activation often follows the activation of G protein-
coupled receptors (GPCRs) and�or receptor tyrosine kinases
(RTKs), e.g., the epidermal growth factor receptor (EGFR) or
human epidermal growth factor receptor (HER). Early signaling
events that lead to MAPK activation in response to osmotic
stress in mammalian cells are not well defined.

Here, we describe links between osmotic stress, the cleavage
of an EGF-family prohormone, neuregulin 1-� (NRG1-�), ex-
tracellular signal-regulated kinase (ERK) activation, and the
expression of aquaporins. We show that metalloproteinase-
dependent cleavage of pro-NRG1-� and subsequent HER2�3
dimer activation is a necessary early step in the hypertonic
induction of AQP5 in lung epithelial cells. In addition, we find
that HER activation is required for the hypertonic induction of
aquaporins in a human lung epithelial cell line as well as in
primary human keratinocytes, suggesting that HER-dependent
regulation of AQP expression represents a generalized signaling
paradigm.

Materials and Methods
Materials. The following materials were used for these studies:
electrophoresis reagents from Bio-Rad, enhanced chemilumi-
nescence (ECL�) from Amersham Pharmacia Biotech, a bicin-
choninic acid (BCA) protein assay kit and crosslinker 3,3�-
dithiobis(sulfosuccinimidyl propionate) (DTSSP) from Pierce,
and AG1478 and AG1296 (solubilized in DMSO) from Calbio-
chem. The following antibodies were used: anti-total and anti-
phosphorylated ERK from New England Biolabs; anti-EGF
receptor isoforms 1–4 (HER1–4), anti-NRG1-precursor -� and
-�, anti-phosphatidylinositol 3-kinase (PI3-kinase) subunit p85�,
anti-growth factor receptor-bound protein 2 (GRB2), and anti-
GRB7 from Santa Cruz Biotechnology; anti-phosphotyrosine
from Upstate Biotechnology (Lake Placid, NY); anti-Shc from
BD Transduction Laboratories (San Diego); anti-AQP3 from
Alpha Diagnostics (San Antonio, TX); neutralizing antibodies to
NRG1-� and NRG1-� and recombinant NRG1-� and NRG1-�
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(EGF domain) from R & D Systems; and horseradish peroxi-
dase-coupled secondary antibodies from Amersham Pharmacia
Biotech (mouse and rabbit) and Santa Cruz Biotechnology
(goat). Affinity-purified polyclonal rabbit antibodies to the
carboxyl terminus of rat AQP5 (20) and human AQP5 (21) have
been described. Other reagents, including mouse and goat IgG,
were from Sigma. The matrix metalloproteinase (MMP) inhib-
itor BB-94 was kindly provided by Robert Huber and Klaus
Maskos (Max Planck Institute for Biochemistry, Martinsried,
Germany).

Cell Culture and Harvest. Cells of the mouse lung epithelial cell line
12 (MLE-12) (a gift from Jeff Whitsett, University of Cincinnati)
(22) were grown in RPMI medium 1640 supplemented with 3%
(vol�vol) FBS, 2 mM L-glutamine, 100 units�ml�1 penicillin, and
100 �g�ml�1 streptomycin at 37°C in 5% CO2. Calu-3 cells (a gift
from William Guggino, The Johns Hopkins University), a hu-
man lung epithelial cell line, were grown in DMEM supple-
mented with 10% (vol�vol) FBS, 4 mM L-glutamine, 100
units�ml�1 penicillin, and 100 units�ml�1 streptomycin (Life
Technologies, Rockville, MD) at 37°C in 5% CO2. Human
epidermal keratinocytes (Cascade Biologics, Portland, OR) were
grown as recommended by the vendor. Cells were grown in
uncoated plates (Falcon). MLE-12 and Calu-3 cells were serum-
starved for 15 h before each experiment. Keratinocytes were
grown in a proprietary, growth-factor-enriched medium (Cas-
cade Biologics) and were not starved before study. In prelimi-
nary studies, hypertonic activation of ERK and induction of
AQP5 in a dose-responsive fashion were observed after the
addition of as little as 50 mOsm sorbitol (well within the range
observed for changes in airway surface layer osmolality) and
were maximal when medium was supplemented with 200 mOsm
sorbitol. The studies reported here were performed in normal
medium made hypertonic with 200 mOsm sorbitol. Pharmaco-
logical inhibitors were added to isotonic medium at the specified
concentration for 15–30 min before hypertonic exposure and
remained in the medium for the duration of the experiment.

Preparation of Cell Extracts and Immunoblotting. After incubation,
cells were washed with ice-cold PBS, then scraped and pelleted
(10,000 � g, 5 min, 4°C). Samples for immunoblots of AQP5,
HER family, and NRG were prepared as described, with
freeze–thawing and pipetting to produce lysis (16). Immuno-
blots for analysis of total or phosphorylated ERK were per-
formed as described after processing in a phosphoprotective
lysis buffer (16). Total protein concentrations were deter-
mined by a bicinchoninic acid assay on supernatant fractions
with BSA standards. Depending on the protein to be assayed,
10–100 �g of total protein per lane in 1.5% (wt�vol) SDS was
subjected to SDS�PAGE (23). Duplicate gels were stained
with Coomassie brilliant blue to confirm equivalent loading.
Immunoblots (24) were visualized with enhanced chemilumi-
nescence and autoradiography.

Immunoprecipitation. Our immunoprecipitation protocol has
been described (25). Phosphotyrosine immunoblots were
blocked with gelatin, and primary and secondary antibodies were
diluted in NET buffer [1.5 M NaCl�0.05 M EDTA, pH 8.0�0.5
M Tris, pH 7.5�0.5% (vol�vol) Triton X-100�0.25% gelatin].
HER4 immunoprecipitation samples were lysed in modified
phosphoprotective buffer [50 mM �-glycerophosphate, pH 7.2�
0.5% (vol�vol) Triton X-100�0.2 mM sodium orthovanadate�4
mM MgCl2�2 mM EGTA�4 �g�ml�1 leupeptin�8 �g�ml�1 apro-
tinin], and immunoprecipitated samples were washed four times
in this buffer and once in wash buffer [20 mM Tris, pH 8.0�1.0%
(vol�vol) Triton X-100�5 mM EDTA�5 mM EGTA] (26).

Crosslinking. After stimulation, monolayers were washed twice
with ice-cold PBS before the addition of 2 mM DTSSP in PBS�25
mM Hepes for 60 min at room temperature. Reaction was
quenched by the addition of 20 mM Tris (pH 7.5) for 15 min on
ice. Monolayers were then washed twice with ice-cold PBS and
lysed (25) for immunoprecipitation as described (26).

Neutralization Assay. MLE-12 cells grown in 24-well plates were
serum-starved �15 h. For neutralization of exogenous NRG1,
neutralizing antibody (100 �g�ml�1) was preincubated in iso-
tonic, serum-free medium with 10 ng�ml�1 NRG1-� or NRG1-�
at 37°C for 60 min with intermittent rocking. The medium was
decanted and replaced by 50 �l of preincubated NRG1-antibody
mix and incubated at 37°C for 5 min. For neutralization of
endogenous NRG1, antibodies (100 �g�ml�1; final volume 50 �l)
were preincubated (37°C, 60 min) directly with cells after culture
medium removal and before the addition of hypertonic medium
(200 mOsm sorbitol) for 5 min. Monolayers were processed for
total and phospho-ERK immunoblots as described (16).

Results
Hypertonic Activation of ERK Requires HER Tyrosine Kinase Activity.
We described activation of ERK and induction of AQP5 by
hypertonicity in MLE-15 cells (16). Like MLE-15 cells, MLE-12
cells are lung epithelial cells that spontaneously express AQP5
on the apical membrane similarly to lung epithelium in vivo, with
lower baseline tyrosine phosphorylation than MLE-15 cells
(data not shown). MLE-12 cells responded strongly to hyper-
tonic shock (� 200 mOsm sorbitol) with ERK activation (Fig. 1)
but not to jun-N-terminal kinase (JNK) or p38 activation; NaCl
and raffinose produced similar results (data not shown).

In mammalian cells, ERK activation frequently involves prior
RTK phosphorylation. Hypertonic shock of MLE-12 cells in-
duced tyrosine phosphorylation of proteins of the approximate
size of HER and PDGF receptor isoforms (data not shown).
Incubation of MLE-12 cells with established HER tyrosine
kinase inhibitor AG1478 (27) completely blocked ERK activa-
tion by hypertonic stress (Fig. 1), indicating that HER receptors
may participate in the hypertonic response in MLE-12 cells.
PDGF receptor inhibitor AG1296 (28) had no effect.

HER2�HER3 Heterodimers Mediate ERK Activation by Hypertonic
Shock. The HER family consists of four members (HER1–4),
which function as dimers. HERs are activated by selective
transmembrane prohormones that require regulated cleavage to
signal (29, 30). HER1 and HER4 can act as homo- or het-

Fig. 1. EGF receptor inhibition blocks hypertonic activation of ERK in lung
epithelial cells. MLE-12 cells were incubated in isotonic (�) or hypertonic (�
200 mOsm sorbitol) medium for 15 min in the presence of the vehicle control
(DMSO) or EGF inhibitor AG1478 (1 �M) or platelet-derived growth factor
(PDGF) RTK inhibitor AG1296 (10 �M). Cell lysates were probed for total ERK
or phosphorylated (activated) ERK (P-ERK). Inhibition of HER activation
blocked hypertonic activation of ERK.
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erodimers. HER2 is devoid of a ligand-binding domain, and
HER3 carries an impaired intracellular kinase domain. Conse-
quently, these receptor isoforms signal only as heterodimers.
Protein immunoblots of MLE-12 cell lysates revealed strong
expression of HER2 and HER3, barely detectable HER1 and
HER4, and no evidence of PDGF receptor isoforms (data not
shown). The addition of the natural HER1 ligand EGF (up to
100 ng�ml) to MLE-12 cells failed to activate ERK but produced
robust ERK activation in BALB�c fibroblasts (data not shown).
This finding, coupled with the low abundance of HER1, indi-
cated that HER1 was unlikely to contribute to signaling in
MLE-12 cells.

Within the HER family, HER2�HER3 appears to be the
preferred heterodimer combination and forms a potent signaling
complex (31). Receptor activation is followed by the recruitment
of adaptor molecules to the cytoplasmic tails of the receptors and
downstream propagation to signaling cascades, e.g., the Ras–
ERK–MAP kinase and PI3-kinase pathways (31). NRG1, with
differentially spliced isoforms NRG1-� and NRG1-�, is a nat-
ural ligand for HER3 (32) present in MLE-12 cells (see below).
The addition of exogenous mature NRG1-� to MLE-12 cells
activated ERK much more potently than did the -� isoform and
was blocked by AG1478 (Fig. 2). After immunoprecipitation of
HER2 or HER3 from cell lysates after NRG1-� stimulation,
immunoblots revealed that within 1 min, tyrosine phosphoryla-
tion of HER2 increased, as did binding of adaptor molecule Shc
to HER2 and binding of both Shc and p85� (PI3-kinase subunit)
to HER3 (Fig. 3A). The recruitment of adapter molecules for the
Ras-ERK-MAP kinase pathway to both receptors correlated
with NRG1-�-induced ERK activation (Fig. 3A) and could be
tested in response to hypertonic stress. Similar to the response
to exogenous NRG1-�, the addition of sorbitol to MLE-12 cells
induced tyrosine phosphorylation of HER2, adaptor molecule
binding to both HER2 and HER3, and ERK activation (Fig. 3B).
Tyrosine phosphorylation of HER2 and HER3 in response to
hypertonic shock was abolished by AG1478 (Fig. 4), consistent
with its effect on ERK activation (Fig. 1).

In contrast to HER2 and HER3, the addition of hypertonic
medium produced only subtle changes in tyrosine phosphoryla-
tion of HER4 with no recruitment of p85�, Shc, GRB2, or GRB7
(data not shown). Whereas all four HER isoforms are detectable
in MLE-12 cells, the HER2�HER3 heterodimer is the most likely
to mediate hypertonic activation of ERK.

HER2�HER3 Activation by Hypertonic Shock Requires the Ligand
NRG1-�. To distinguish whether hypertonic stress activated
HER2�HER3 in a ligand-dependent or -independent manner, we
attempted to crosslink a putative ligand to the receptor after
hypertonic shock. After hypertonic stimulation of MLE-12 cells
for 1 min, endogenous NRG1-� could be coimmunoprecipitated
with HER3 in the presence of the reversible crosslinker DTSSP

(Fig. 5). At 5 min after osmotic shock, the crosslinked complex
was not detectable.

If NRG1-� were a necessary intermediate in osmotic activa-
tion of ERK, inhibitory antibodies against the EGF-signaling
domain of NRG1-� should block hypertonic ERK activation.
Preincubation of exogenous mature NRG1-� with neutralizing
antibodies indeed blocked ERK activation by NRG1-� (Fig. 6A).
More importantly, preincubation of MLE-12 cells with NRG1-
�-neutralizing antibodies blocked ERK activation after hyper-
tonic shock, whereas preincubation with nonspecific IgG or
neutralizing antibodies to NRG1-� had no effect (Fig. 6B).

Fig. 2. NRG1-� activates ERK in MLE-12 cells. MLE-12 cells were incubated
with isotonic medium (control, C), or hypertonic medium [� 200 mOsm
sorbitol (S)], NRG1-� (N�; 10 ng�ml), or NRG1-� (N�; 10 ng�ml) for 10 min in the
presence of vehicle (1% DMSO), the HER tyrosine kinase inhibitor AG1478 (10
�M), or the PDGF RTK inhibitor AG1296 (20 �M). Cell lysates were probed for
P-ERK or total ERK. Sorbitol and NRG1-� produced strong ERK activation; both
were inhibited by AG1478.

Fig. 3. HER2 and HER3 are activated in MLE-12 cells. (A) To examine cells for
activation of HER2 and HER3, exogenous NRG1-� (10 ng�ml) was added to the
medium, and cells were harvested at the designated times for immunopre-
cipitation (IP) of HER2 or HER3. Immunoprecipitates were probed for total
HER2 or HER3, phosphotyrosine (P-tyrosine), and coimmunoprecipitation of
adaptor molecules p85� (PI3-kinase subunit) and Shc. An aliquot of the cell
lysate was probed for P-ERK or total ERK. Within 1 min, NRG1-� increased
tyrosine phosphorylation of HER2, Shc binding to HER2, and p85� and Shc
binding to HER3. Addition of NRG1-� led to ERK phosphorylation within 1 min
that was maximal at 5 min. (B) To determine whether hypertonic stress
activated HER2 or HER3, hypertonic medium was added and cells were har-
vested at the designated times for analysis as in A. Consistent with the effects
of exogenous NRG1-�, hypertonic shock increased tyrosine phosphorylation
of HER2, Shc binding to HER2, and p85� and Shc binding to HER3 within 1–3
min. P-ERK was detectable by 1 min and increased to 10 min.

Fig. 4. The HER RTK inhibitor AG1478 blocks activation of HER2 and HER3.
MLE-12 cells were exposed to isotonic control medium (C), hypertonic medium
[� 200 mOsm sorbitol (S)], or NRG1-� (N) in the presence of vehicle control
(DMSO) or AG1478 (5 �M). Immunoprecipitates (IP) of HER2 and HER3 were
probed for phosphotyrosine and total HER2 or HER3. Tyrosine phosphoryla-
tion of both HER2 and HER3 increased slightly after stimulation with sorbitol
or NRG1-� and was completely blocked by AG1478.
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These studies indicate that hypertonic activation of ERK re-
quires the ligand NRG1-�.

Cleavage of the NRG1 Prohormone in Response to Hypertonic Stress
Involves Metalloproteinase Activity. Neuregulin is produced as a
membrane-bound proform whose ectodomain acts as a hormone
once cleaved above the membrane (32). Although heteroge-
neous molecular weights have been reported for the precursor
and cleaved forms, a membrane-bound 50-kDa stem structure
can be detected as a measure of induced cleavage. The phorbol
12-tetradecanoate 13-acetate diester (TPA) induces ectodomain
cleavage of HER-family prohormones (33, 34). In MLE-12 cells,
TPA produced a decrease in the abundance of the 95-kDa
prohormone, an increase in the 50-kDa cleaved product, and
ERK activation, all of which were almost completely blocked by
preincubation with the MMP inhibitor BB94 (Fig. 7A). In
MLE-12 cells exposed to 200 mOsm sorbitol, cleavage of the
95-kDa proform and increased abundance of the 50-kDa cleav-
age product were detected, however at lower efficiency than with
TPA (Fig. 7B). Both hypertonic NRG1 cleavage and ERK
activation were blocked by BB94. These findings indicate that
MMP-dependent cleavage of NRG1-� is necessary for hyper-
tonic activation of ERK.

Hypertonic Induction of Aquaporins Is Dependent on HER Activation
in Different Cell Lines. To examine the general importance of
HER-dependent signaling for AQP induction, we examined the
cellular responses to hypertonicity in three distinct cell types. In
MLE-12 cells, hypertonic induction of AQP5 protein was mark-

Fig. 5. NRG1-� binds to HER3 after hypertonic shock. MLE-12 cells were
incubated in isotonic (�) or hypertonic (� 200 mOsm sorbitol) medium for the
designated time, then the crosslinker DTSSP was added. Immunoprecipitates
(IP) of NRG1-� were subjected to SDS�PAGE under reducing conditions, and
immunoblots were probed for HER3. NRG1-� binding to HER3 could be
detected at 1 min (up to 2 min in other experiments) but was not detectable
at later times.

Fig. 6. NRG1-� participates in hypertonic activation of ERK. (A) NRG1-� or
NRG1-� (10 ng�ml) was incubated with nonspecific IgG (mock) or neutralizing
antibodies to NRG1-� or NRG1-� for 60 min, then added to MLE-12 cells for 5
min, at which time cells were harvested and cell lysates were probed for P-ERK
or total ERK. NRG1-�-neutralizing antibodies blocked NRG1-�-induced ERK
phosphorylation. (B) MLE-12 cells were preincubated for 60 min with no
antibody, nonspecific IgG, or neutralizing antibodies to NRG1-� or NRG1-�
(final concentration, 100 �g�ml), then hypertonic medium (�) was added for
5 min. Cells were harvested, and lysates were probed for P-ERK. Addition of
NRG1-�-neutralizing antibodies blocked ERK activation by hypertonic stress.

Fig. 7. Hypertonic NRG1 cleavage in MLE-12 cells requires MMP activity. (A)
MLE-12 cells were treated with TPA (64 �M) for 5 min after a 30-min pretreat-
ment with vehicle (DMSO) or the MMP inhibitor BB94 (5 �M). The 95-kDa
prohormone and a 50-kDa cleavage product were identified in cell lysates
after TPA exposure, along with P-ERK. Both NRG1-� cleavage and ERK acti-
vation were inhibited by BB94. (B) MLE-12 cells were incubated in hypertonic
medium (� 200 mOsm sorbitol) for the designated times, and cell lysates were
probed as in A. In both studies, P-ERK and total ERK were examined (same
samples, separate immunoblots). Hypertonic shock increased the 50-kDa
cleavage product; by 30 min, a decrease in the prohormone was detected. An
unspecific 58-kDa band is evident in both panels. The MMP inhibitor BB94
completely blocked hypertonic cleavage of the prohormone and activation
of ERK.

Fig. 8. Inhibition of HER activation or NRG1-� cleavage blocks hypertonic
induction of AQP5 in MLE-12 cells. (A) MLE-12 cells were incubated in isotonic
(�) or hypertonic (�) medium in the presence or absence of AG1478 (5 �M).
Samples were harvested after 20 h to determine AQP5 protein abundance by
protein immunoblot. (B) MLE-12 cells were incubated in the presence or
absence of the MMP inhibitor BB94 (5 �M), and harvested at 20 h for assay of
AQP5 protein abundance by immunoblot. Hypertonic induction of AQP5 was
markedly reduced by both agents.
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edly reduced in the presence of AG1478 (Fig. 8A) and com-
pletely blocked by BB94 (Fig. 8B), confirming the role of
MMP-dependent HER2�HER3 activation in AQP5 induction.
Of note, the addition of exogenous mature NRG1-� to MLE-12
cells did not induce AQP5 expression (data not shown) despite
stimulating HER2�HER3 (Fig. 3) and ERK activation (Fig. 2),
indicating that NRG1-�-mediated HER2�HER3 activation is an
essential but not sufficient signal for AQP5 induction in MLE-12
cells. Calu-3 cells, a human lung epithelial cell line (35), also
exhibited polarized apical expression of AQP5 and ERK acti-
vation by hypertonic stress (data not shown). Hypertonic induc-
tion of AQP5 in Calu-3 cells was completely blocked by prein-
cubation with AG1478 but not AG1296 (Fig. 9A). Human
primary epidermal keratinocytes, in which hypertonic induction
of AQP3 has been reported (36), exhibited baseline ERK
activation that increased with hypertonic stress and was blocked
by AG1478 (Fig. 9B). Hypertonic induction of AQP3 in kera-
tinocytes also was blocked by AG1478 but not by AG1296 (Fig.
9C). Taken together, these observations in three distinct cell
types indicate that HER-mediated aquaporin induction repre-
sents a general mechanism of signaling in response to hypertonic
stress in mammalian cells.

Discussion
Activation of MAPK-mediated signaling in response to osmotic
stress is conserved among eukaryotes and is best defined for the
high-osmolarity glycerol (HOG) pathway in Saccharomyces cer-
evisiae (19, 37). Yeast Hog1, a homologue of mammalian JNK
and p38 kinases, can be activated through at least two distinct
transmembrane proteins, Sln1 (38, 39), and Sho1 (38, 40). Uhlik
et al. (41) recently described a scaffolding protein in mammalian
cells that mediates organization and regulation of MAPK sig-
naling during hypertonic stress similarly to yeast. However,
homologous transmembrane osmosensing components have not
been identified in mammalian cells, and upstream signaling
events in osmotic responses remain incompletely defined. In this
report, we identify MMP-dependent cleavage of a membrane-

bound prohormone, NRG1-�, and ligand-dependent HER ac-
tivation as necessary steps in hypertonic ERK activation and
aquaporin induction.

HERs and their ligands have been implicated as central signaling
stations in multiple cellular responses (30). Participation of HERs
in the mammalian osmotic stress response was originally suggested
by King et al. (42), who showed HER1 tyrosine phosphorylation in
response to hypertonicity. In mammalian cells, UV light and
osmotic stress lead to RTK activation followed by activation of the
JNK signaling cascade (43). HER1 activation by vanadate or UV
light is mediated by the inhibition of a negatively regulating
phosphatase (2, 44). Response to osmotic stress, however, was
suggested to be ligand-independent, resulting from the physical
perturbation of the cellular membrane and�or a stress-induced
change in RTK conformation (43).

Recent studies have suggested the involvement of a cleavable
ligand in the osmotic stress response. The HER1 ligand heparin-
binding EGF (HB-EGF) was found in a complex with the
osmoinducible molecules CD9 and �-1 integrin in the renal
medulla of thirsted rats, suggesting a potential signaling role
(45). When heterologously expressed in Chinese hamster ovary
cells, the HER ligands pro-TGF-� and pro-NRG1-�2c were
cleaved by hypertonic stress and cleavage appeared to involve
MMP activity, but no relation to target protein expression was
defined (34). Hypertonic induction of cyclooxygenase-2 in the
kidney cell line IMCD3 was partially reduced by HER inhibitors
and MMP inhibition with N-{DK-[2-(hydroxyaminocarbonyl)
methyl]-4-methyl-pentanoyl}-L-3-(2�-naphthyl)-alanyl-L-alanine
2-aminoethyl-amide (TAPI) and doxycycline, but participation
of a ligand in the activation mechanism was not demonstrated
(46). Very recently, Fischer et al. (47) identified HB-EGF as a
mediator of osmotic and oxidative stress-induced activation of
MAPKs in tumor cells and suggested an antiapoptotic role for
HB-EGF signaling in doxorubicin-induced apoptosis.

NRG1 isoforms and their HER-family receptors are involved
in key developmental interactions (32), and deletion of NRG1
leads to embryonic lethal defects in cardiac and neuronal
development (48, 49). Studies in cultured cells have implicated
neuregulin-mediated signaling in myogenic differentiation (50),
glucose transport (51), and fetal lung epithelial development
(52). In human tracheal epithelium, NRG1-� participates in the
regulation of epithelial integrity: apical NRG1-� gains access to
its basolateral receptors during epithelial wounding to stimulate
repair (53). Participation of NRG1 in osmotic signaling has not
been described, and it is not known whether cell size and shape
changes provoked by osmotic stress might similarly facilitate
interaction between otherwise segregated ligands and receptors.
We detected only transient binding of the native ligand NRG1-�
to HER3 after hypertonic shock, consistent with rapid internal-
ization and degradation of the complex after ligand binding (54).
Our observation of MMP-mediated cleavage of NRG1 is con-
sistent with protease-dependent NRG1-� cleavage described by
others (55). To date, we have not identified the specific protease
mediating NRG1 cleavage in response to hypertonic stress.

We propose that HER-mediated aquaporin expression in
response to osmotic stress is highly relevant to lung physiology.
AQP5 plays an important role in the generation of the airway
surface liquid, as evidenced by reduced surface layer secretions
in AQP5-null mice (56). Tight regulation of the constitution and
volume of the airway surface layer is necessary for the mainte-
nance of normal lung defense. The efficiency of mucociliary
transport and the removal of inhaled particulate matter trapped
in the airway secretions depends on the water content and
fluidity of the surface layer. In addition, the activity of defensins,
bactericidal proteins secreted onto the airway surface, depends
on the osmolality of the aqueous environment (14). Increased
osmolality inhibits the function of defensins and would be
predicted to alter local lung defense. In this context, HER-

Fig. 9. Inhibition of HER activation blocks aquaporin induction. (A) Calu-3
human lung epithelial cells were incubated in isotonic (�) or hypertonic (�)
medium for 20 h in the presence or absence of inhibitors of the PDGF receptor
(AG1296, 10 �M) or the HER receptor (AG1478, 1 �M), and immunoblots of cell
lysates were probed for AQP5. (B) Human epidermal keratinocytes were
incubated in hypertonic medium (� 200 mOsm sorbitol) in the presence of
vehicle (DMSO) or AG1478 (1 �M) and harvested at the designated times.
Immunoblots were probed for P-ERK or total ERK. (C) Human keratinocytes
were incubated in isotonic (�) or hypertonic (�) medium in the presence or
absence of DMSO, AG1478 (1 �M), or AG1296 (10 �M) for 20 h, and cell lysates
were probed for AQP3 by immunoblot. HER inhibition blocked induction of
AQP5 and AQP3, as well as ERK activation.
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mediated signaling may couple epithelial secretion and water
permeability with the release of secreted products (e.g., mucins
or defensins) into the airways. The inhibition of HER signaling
in a cultured human lung epithelial cell line blocked mucin gene
expression as well as airway goblet cell hyperplasia in rats
stimulated with tumor necrosis factor � or ovalbumin (57).
Similarly, primary cultures of human bronchial epithelium ex-
hibited decreased baseline goblet cell density when treated with
the EGF receptor antagonist AG-1478 (58). Finally, water for
the humidification of air inspired into the lung comes from the
surface layer. Sustained changes in ambient humidity or respi-
ratory pattern can alter surface layer composition (13) and may
stimulate HER-mediated changes in aquaporin expression to
maintain normal airway water homeostasis.

Our observations in keratinocytes reinforce the potential
significance of the described link between HER activation and
aquaporin expression. AQP3 is permeated by glycerol in addi-
tion to water. In keratinocytes, glycerol entering the cell through

AQP3 provides the carbon backbone necessary for the genera-
tion of lipids that are released into the epidermis to limit
evaporative water loss from the skin. Consistent with that role,
AQP3-null mice have increased transdermal water loss, com-
pared with wild-type mice (59). We hypothesize that HER-
mediated hypertonic induction of AQP3 in keratinocytes is a
fundamental mechanism for limiting water loss through the skin.

In summary, our findings, along with the observations of
others, indicate that HER-dependent regulation of gene expres-
sion represents a widely used paradigm for cellular osmotic
responses.
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