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mesenchymal transition of alveolar epithelial cells. Am J Physiol Lung
Cell Mol Physiol 300: L548-L559, 2011. First published January 28,
2010; doi:10.1152/ajplung.00230.2010.—Fibrosis of the lung is char-
acterized by the accumulation of myofibroblasts, a key mediator in the
fibrogenic reaction. Cumulative evidence indicates that epithelial-
mesenchymal transition (EMT), a process whereby epithelial cells
become mesenchyme-like, is an important contributing source for the
myofibroblast population. Underlying this phenotypical change is a
dramatic alteration in cellular structure. The receptor for advanced
glycation end-products (RAGE) has been suggested to maintain lung
homeostasis by mediating cell adhesion, while the family of ezrin/
radixin/moesin (ERM) proteins, on the other hand, serve as an
important cross-linker between the plasma membrane and cytoskele-
ton. In the present investigation, we tested the hypothesis that RAGE
and ERM interact and play a key role in regulating EMT-associated
structural changes in alveolar epithelial cells. Exposure of A549 cells
to inflammatory cytokines resulted in phosphorylation and redistribu-
tion of ERM to the cell periphery and localization with EMT-related
actin stress fibers. Simultaneously, blockade of Rho kinase (ROCK)
signaling attenuated these cytokine-induced structural changes. Addi-
tionally, RAGE expression was diminished after cytokine stimulation,
with release of its soluble isoform via a matrix metalloproteinase
(MMP)-9-dependent mechanism. Immunofluorescence microscopy
and coimmunoprecipitation revealed association between ERM and
RAGE under basal conditions, which was disrupted when challenged
with inflammatory cytokines, as ERM in its activated state complexed
with membrane-linked CD44. Dual-fluorescence immunohistochem-
istry of patient idiopathic pulmonary fibrosis (IPF) tissues highlighted
marked diminution of RAGE in fibrotic samples, together with en-
hanced levels of CD44 and double-positive cells for CD44 and
phospho (p)ERM. These data suggest that dysregulation of the ERM-
RAGE complex might be an important step in rearrangement of the
actin cytoskeleton during proinflammatory cytokine-induced EMT of
human alveolar epithelial cells.
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IDIOPATHIC PULMONARY FIBROSIS (IPF) is characterized by a
marked disruption in the integrity and structure of the alveolar
epithelium. Specifically, injury to the alveolar epithelium gives
rise to delayed reepithelialization, leading to a denuded, dis-
rupted basement membrane (41). In light of their compromised
capacity to reestablish a physiological epithelial lining, in-
creasing evidence suggests that affected populations of alveo-
lar epithelial cells may undergo epithelial-mesenchymal tran-
sition (EMT), and in this way serve as a source of pathogenic
mesenchymal cell types (44, 45). Core to this process is the
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cytoskeletal rearrangement of their actin structures. After in-
duction of EMT by proinflammatory cytokines [e.g., trans-
forming growth factor (TGF)-B1, TNF-a, IL-1B], actin fila-
ment architecture changes dynamically from a cortical actin
network to stress fibers (18). Although currently very little is
known about the mechanisms that underlie these structural
rearrangements, conceivably a better insight into these mech-
anisms may provide novel targets or approaches to ameliorate
or prevent EMT-related structural alterations of the alveolus in
IPF.

The ezrin/radixin/moesin (ERM) family of proteins provide
aregulated linkage from the filamentous (F-)actin to membrane
proteins on the surface of cells (24). In their native state they
remain in a folded conformation due to an intramolecular
interaction between their NH>- and COOH-terminal domains,
which masks the membrane and F-actin binding sites. Upon
phosphorylation, ERM proteins become activated, enabling
interaction with integral membrane proteins (e.g., CD44) and
F-actin. Cumulative research suggests that proteins of the ERM
family play a crucial functional role in regulating cell shape
(10). Notably, in a Drosophila-based model of epithelia altered
expression of ERM proteins resulted in disruption of epithelial
morphology and integrity, with cells exhibiting a more inva-
sive migratory pattern (36). Moreover, while their exact func-
tion in pulmonary physiology remains poorly characterized, a
recent study suggests that ERM proteins may play a key role in
the regulation of alveolar structure and lung homeostasis (14).

The receptor for advanced glycation end-products (RAGE) is a
member of the immunoglobulin superfamily (27). Uniquely,
it is expressed at extremely high levels in the lung under
physiological conditions, whereas in most other organs low
baseline RAGE levels can be observed, which increase
during various pathologies such as diabetes, inflammation,
and cancer (3). Previously, our laboratory showed (8) that
RAGE plays an important role in alveolar epithelial cell
function, facilitating cell spreading and adherence. Its im-
portance is further emphasized by the fact that impairment
of RAGE signaling gives rise to enhanced cell migration and
proliferation (30). Additionally, RAGE appears to be linked
to cytoskeletal components within pulmonary epithelial
cells (8, 30) and, in this way, may mediate its regulatory
adhesion function. From these observations, RAGE has
been concluded to be involved in the maintenance of lung
homeostasis. In particular, this has been highlighted in
pathological settings, in which loss of RAGE has been
associated with a fibrotic response (9, 30).

In this work, we tested the hypothesis that both ERM and
RAGE serve as important regulators in the maintenance of
normal alveolar epithelial structure and function, and that
disruption of their basal expression patterns may be an impor-
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tant feature of alveolar EMT. Our findings revealed an asso-
ciation between ERM and RAGE in the A549 human alveolar
epithelial cell line. Cytokine stimulation elicited a dramatic
reorganization of ERM toward the cell periphery that was
attenuated by Rho kinase (ROCK). In tandem, proteolytic
cleavage of RAGE by matrix metalloproteinase (MMP)-9 was
observed. Additionally, we observed interactions between
newly formed actin stress fibers and ERM proteins. Taken
together, these data suggest that dysregulation of the ERM-
RAGE complex might be a key event in actin microfilament
rearrangement during cytokine-induced alveolar EMT.

MATERIALS AND METHODS

Materials. Goat polyclonal anti-RAGE antibody and rabbit monoclo-
nal anti-MMP-9 antibody were purchased from Millipore (Carrigtwohill,
Ireland). Rabbit polyclonal anti-ERM antibody and anti-phospho
(p)ERM antibody and mouse monoclonal anti-CD44 antibody were
purchased from Cell Signaling (Danvers, MA). Tetramethylrhodamine
isothiocyanate (TRITC)-phalloidin was purchased from Sigma-Aldrich
(Dublin, Ireland). Recombinant human TGF-1, IL-18, TNF-a, and
IFN-y were purchased from PeproTech (London, UK). Cell culture
medium, fetal bovine serum (FBS), and all other reagents were purchased
from Sigma-Aldrich.

Cell culture conditions. A549 human alveolar epithelial cells
[American Type Culture Collection (ATCC) CL-185] were obtained
from the European Collection of Animal Cell Cultures (ECACC,
Salisbury, UK) and used between passages 65 and 89. Cells were
maintained in a 1:1 mixture of Dulbecco’s modified Eagle’s medium
and Ham’s nutrient mixture F-12 medium (DMEM-F-12) supple-
mented with 5% (vol/vol) FBS, 100 U/ml penicillin, and 100 pg/ml
streptomycin. Cells were cultured at 37°C in a 5% CO- atmosphere,
and culture medium was exchanged every 48 h. For studies described
below, after 1 day in culture cells were serum-starved overnight and
then treated with TGF-$1 (5 ng/ml) and/or cytomix (10 ng/ml TNF-a,
10 ng/ml IL-1P3, 10 ng/ml IFN-vy) in culture medium containing 1%
FBS for 72 h as previously described (4). In those experiments using
either Y-27632 (Sigma-Aldrich) or MMP-9 Inhibitor I (Calbiochem,
San Diego, CA), cells were preincubated for 2 h before cytokine
stimulation. In the case of recombinant MMP-9 treatments, cells were
incubated for 72 h in medium containing 1% FBS.

Western blot analysis. Cell cultures were lysed with cell extraction
buffer (Invitrogen, Karlsruhe, Germany) on ice and briefly sonicated.
In the case of cell supernatants, culture medium was removed after
treatments as detailed above. Protein sample concentrations were
determined by a standard protein concentration assay (Bio-Rad,
Hemel Hempstead, UK) according to the manufacturer’s instructions.
Samples were separated by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and transferred to immunoblot poly-
vinylidene fluoride membranes (Bio-Rad). Membranes were blocked
in 5% bovine serum albumin (BSA) in Tris-buffered saline with
Tween 20 (pH 7.4) for 1 h at room temperature. Incubation with the
respective primary antibody was carried out overnight at 4°C, fol-
lowed by incubation with horseradish peroxidase (HRP)-conjugated
secondary antibody at room temperature for 1 h. Peroxidase activity
was detected with Immobilon Western Chemiluminescent HRP sub-
strate (Millipore). Relative levels of protein expression were quanti-
fied by densitometric analysis of the immunoblot with a ChemiDoc
documentation system (Bio-Rad). When appropriate, blots were
stripped and analyzed for 3-actin (Sigma-Aldrich) as internal control
and total ERM.

Immunofluorescence microscopy. Lab-Tek chamber slides (Nunc,
Roskilde, Denmark) were used to grow A549 cells under conditions as
described above. Cells were fixed for 10 min with 2% (wt/vol)
paraformaldehyde and incubated for 10 min in 50 mM NH4CI,
followed by permeabilization for 8 min with 0.1% (wt/vol) Triton
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X-100 in PBS. After a 60-min incubation with 150 pl of dilution
[CD44 1:100, ERM 1:100, pERM 1:100, RAGE 1:300, MMP-9
1:100] of the respective primary antibody, the cell layers were washed
three times with PBS before incubation with 100 wl of a 1:200
dilution of relevant Alexa Fluor-labeled F(ab'), fragment (Invitrogen)
in PBS containing 1% (wt/vol) BSA. Propidium iodide (1 pg/ml in
PBS) was used to counterstain cell nuclei. In the case of F-actin
staining, TRITC-phalloidin was used at a concentration of 500 ng/ml
in PBS. After 30 min of incubation, the specimens were again washed
three times with PBS and embedded in FluorSave antifade medium
(Merck, Nottingham, UK). Images were obtained with a confocal
laser scanning microscope (CLSM; Zeiss LSM 510, Géttingen, Ger-
many), with the instrument’s settings adjusted so that no positive
signal was observed in the channel corresponding to the fluorescence
of the isotypic controls.

Gelatin zymography. Gelatinase activity (MMP-2 and -9) was
measured in A549 cell-conditioned medium as previously described
(26). Samples were subjected to 10% SDS-PAGE with copolymerized
0.2% (wt/vol) gelatin. After electrophoresis, the gels were washed
twice for 20 min each with 2% (wt/vol) Triton X-100 and then
incubated in development buffer (in mmol: 50 Tris-HCl, 200 NaCl, 10
CaCl, and 1 ZnCl,; pH 7.5) at 37°C overnight for the development of
enzyme activity bands. Conditioned medium of HT-1080 human
fibrosarcoma cells, which contains high amounts of both MMP-2 and
-9, was used as standard. After incubation, gels were fixed and stained
in 40% methanol, 10% acetic acid, and 0.1% (wt/vol) Coomassie
brilliant blue for 1 h and then destained. The gelatinolytic activities
were detected as transparent bands against the background of Coo-
massie brilliant blue-stained gelatin. Images were analyzed with a
ChemiDoc documentation system (Bio-Rad).

Coimmunoprecipitation. Two hundred microliters of lysate from
A549 cells grown as described above was added to prewashed protein
A/G beads (20 pl of 50% bead slurry; Sigma-Aldrich) and incubated
at 4°C for 60 min. The mixture was then centrifuged for 10 min at
4°C. Next, the supernatant was incubated with goat antibody against
RAGE or CD44 at 4°C overnight. Prewashed protein A/G beads (20
wl at 50%) were then added to the mixture and incubated for 3 h at
4°C. After centrifugation, beads were washed five times with solubi-
lization buffer (in mM: 20 Tris-HCI pH 7.4, 5 EDTA, and 150 NacCl,
with 10% glycerol and 1% Triton X-100). Isolated protein complexes
were denatured for 5 min at 95°C, analyzed by gel electrophoresis,
and transferred to polyvinyl difluoride (PVDF) membranes, followed
by immunoblotting with anti-ERM or anti-pERM antibodies and
detection with Immobilon Western Chemiluminescent HRP substrate.
The purity of each immunoprecipitation complex was verified by
reblotting for (-actin.

Immunohistochemistry. The following antibodies were used: mouse
monoclonal anti-human antibody clone 11.24 against a CD44v9 epitope
used as hybridoma supernatant (kind gift from Dr. U. Giinthert, Univer-
sity of Basel, Institute of Pathology, Basel, Switzerland), diluted 1:10;
goat polyclonal anti-RAGE (kind gift from Dr. Michael Neeper,
Merck Sharp & Dohme, West Point, PA), diluted 1:1,000; and
rabbit polyclonal anti-pERM (Cell Signaling), diluted 1:50. Ret-
rospective tissue samples taken from a previous study (46) were
used. For double immunofluorescence, paraffin sections were in-
cubated with primary antibodies followed by incubation with goat
anti-mouse immunoglobulin (IgG), FITC coupled (dilution 1:80,
Dianova, Hamburg, Germany), or goat anti-rabbit IgG, Texas Red
labeled (dilution 1:80, Dianova). As negative controls the primary
antibodies were replaced with PBS or nonimmune IgG.

Statistical analysis. Results are expressed as means = SD com-
pared by one-way analysis of variance (ANOVA) followed by the
Student-Newman-Keuls post hoc test. P < 0.05 was considered
significant.
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RESULTS

ERM proteins undergo redistribution and activation after
exposure to TGF-B1 and/or cytomix and colocalize with actin
stress fibers. Under basal conditions, ERM proteins exhibited a
predominantly cytoplasmic distribution in A549 cells (Fig. 1A).
After treatment with TGF-1 and/or cytomix, a marked redis-
tribution of ERM toward the plasmalemma was observed (Fig.
1, B-D). This was coupled with alterations in cell morphology,
with cells adopting a fibroblast-like shape. In tandem, immu-
noblot analysis revealed that cytokine treatment induced acti-
vation of ERM proteins, as evidenced by their phosphorylation
(Fig. 1E). To explore their involvement in EMT-associated
cytoskeletal rearrangement, colocalization studies were per-
formed by CLSM. In untreated cells, actin was strongly asso-
ciated with the adherens junctions (Fig. 1F), whereas stimula-
tion with TGF-B1 and/or cytomix resulted in reorganization of
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cortical filaments, with cells exhibiting elongated stress fibers
similar to those found in fibroblasts. Notably, ERM proteins
were found to strongly colocalize with these newly formed
F-actin fibers (Fig. 1, G-I).

Effect of ROCK inhibition on ERM phosphorylation and
actin stress fiber formation. To determine the signaling path-
way through which proinflammatory cytokines activate ERM,
A549 cells were incubated with Y-27632, a specific inhibitor
of ROCK, followed by treatment with TGF-B1, cytomix, or
both. As observed by Western blot, inhibition of ROCK sig-
naling prevented ERM phosphorylation (Fig. 2A). Its effect
was most apparent in cells treated with TGF-f31 in the presence
or absence of cytomix, while less so in those stimulated by
cytomix alone. This suggests that phosphorylation of ERM
mediated by proinflammatory cytokines is primarily mediated
via a ROCK-dependent pathway. Of note, morphological anal-

s 0.6
h'd
w
S 04
o
w
Q02
0.0
\ N F e
N o& R
00(\ «0 O&’O 0“\\&(’?

Fig. 1. A-D: redistribution and activation of ezrin/moesin/radixin (ERM) proteins following stimulation with transforming growth factor (TGF)-B1 and/or
cytomix and colocalization with actin stress fibers; immunofluorescence staining for ERM (green). A: untreated A549 cells. B—D: A549 cells were grown on
chamber slides and stimulated with TGF-B1 (5 ng/ml; B), cytomix (10 ng/ml; C), or TGF-1 + cytomix (D) for 72 h. Nuclei were counterstained with propidium
iodide (red). Treatment of A549 cells gave rise to marked redistribution of ERM from the cytoplasm to the cell periphery. E: Western blot analysis of cell lysates
for phospho (p)ERM. Treatment of A549 cells with TGF-B1 and/or cytomix induced phosphorylation of ERM proteins. Expression levels were evaluated by
densitometric analysis and standardized by comparison to total ERM. F-I: for visualization of F-actin, A549 cells were fixed and labeled with tetramethylrho-
damine isothiocyanate (TRITC)-phalloidin (red). F: untreated cells. After treatment with TGF-B1 (5 ng/ml; G), cytomix (10 ng/ml; H), or TGF-B1 + cytomix
(1), A549 cells acquired a more fibroblast-like morphology together with formation of F-actin stress fibers. ERM proteins (green) exhibited strong colocalization
with these newly formed stress fibers. Means = SD from >3 independent experiments. *P < 0.05. Scale bars are 20 pm.
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Fig. 2. Rho kinase (ROCK)-dependent phosphorylation of ERM proteins and actin stress fiber formation. A549 cells were incubated with Y-27632 (5 uM),
a specific inhibitor of ROCK, followed by treatment with TGF-B1, cytomix, or TGF-B1 + cytomix for 72 h. A: Western blot analysis revealed that
cytokine-induced ERM phosphorylation was blocked after inhibition of ROCK signaling. pERM, phospho-ERM. B-I: F-actin structures were visualized
with TRITC-phalloidin and examined by confocal laser scanning microscopy (CLSM). B and F: untreated. C and G: TGF-B1. D and H: cytomix. E and
I: TGF-B1 + cytomix. Preincubation with Y-27632 ensured maintenance of cortical actin architectures in cells stimulated with TGF-B1 (G), while in those
treated with either cytomix (H) or TGF-B1 + cytomix (/) the incidence of stress fiber formation was notably diminished. Means = SD from >3

independent experiments. *P < 0.05.

ysis using phalloidin staining revealed that exposure to ROCK
inhibitor Y-27632 prevented formation of mesenchyme-asso-
ciated actin stress fibers in those cells stimulated with TGF-1
while reducing stress fiber numbers in cytomix- and TGF-31
plus cytomix-treated cells (Fig. 2, B-I).

RAGE is downregulated and released in its soluble form
when challenged by proinflammatory cytokines. We have pre-
viously shown (8) that RAGE associates with intermediate
filaments and microfilaments of the cytoskeleton. Given this
finding, we investigated its expression following cytokine-
induced remodeling of the cytoskeleton. Western blot analysis
revealed abundant expression of RAGE in alveolar epithelial
(A549) cells (Fig. 3A), with immunofluorescence microscopy
indicating that it was localized to the membrane as well as the
cytoplasm (Fig. 3, B-E). Exposure to TGF-1 and, to a greater
extent, cytomix plus TGF-1 and cytomix alone resulted in a
marked diminution of RAGE expression (Fig. 3, A-E).

RAGE exists in a number of different isoforms (3, 12).
We hypothesized that RAGE may be cleaved, giving rise to

release of its soluble isoform, SRAGE. With Western blot,
the level of RAGE in cell medium was assessed. Investiga-
tions revealed that RAGE levels in cytokine-stimulated
medium were significantly higher than those in medium
from control cells (Fig. 3F).

Release of sRAGE is mediated by MMP-9. Next, we deter-
mined the mechanism for release of SRAGE. MMPs are known
to be upregulated in fibrotic disorders of the lung, actively
contributing to tissue remodeling (1). Specifically, MMP-9 is a
known mediator of alveolar basement membrane disruption
(28) and has been previously implicated in protein ectodomain
shedding (25). In light of this, we investigated whether pro-
teolytic cleavage of RAGE was mediated by MMP-9.

In A549 cells pretreated with MMP-9 Inhibitor I, a selective
inhibitor of MMP-9, before cytokine stimulation there was a
marked decrease of RAGE in cell supernatants (Fig. 44). Using
gelatin zymography, we verified that treatment with TGF-31
and/or cytomix enhanced MMP-9 activity. MMP-2, however,
remained unchanged (Fig. 4B). In agreement with these find-
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Fig. 3. Downregulation of receptor for advanced glycation end-products (RAGE) and release of soluble RAGE (sRAGE) when treated with TGF-B1 and/or
cytomix. A: Western blot analysis demonstrated that expression of RAGE in A549 cells was significantly (P < 0.05) diminished after treatment with TGF-f1
and/or cytomix for 72 h. B—E: immunofluorescence staining for RAGE (green) illustrated that under control conditions cells exhibited diffuse cytoplasmic
staining (B), which was decreased on cytokine stimulation (TGF-B1, C; cytomix, D; TGF-B1 + cytomix, E). Nuclei were counterstained with propidium iodide
(red). F: analysis by Western blot of corresponding cell supernatants revealed significantly (P < 0.05) enhanced expression of SRAGE in those samples stimulated
with TGF-B1 and/or cytomix. Expression levels were evaluated by densitometric analysis and standardized to controls (untreated samples). Means * SD from

>3 independent experiments. *P << 0.05. Scale bars are 20 pwm.

ings, we observed enhanced MMP-9 expression in treated
cells, as shown by CLSM (Fig. 4, C-F).

In light of the ability of an inhibitor of MMP-9 to abrogate
cytokine-induced sSRAGE production and the observed en-
hanced MMP-9 activity upon cytokine stimulation, we pro-
ceeded to investigate the ability of MMP-9 alone to mediate
release of SRAGE. As illustrated in Fig. 4G, exposure of A549
cells to recombinant MMP-9 (100 ng/ml) gave rise to enhanced
levels of SRAGE in the cell supernatant. Moreover, cotreat-
ment with its inhibitor significantly attenuated this effect.

Together, these results strongly suggest that MMP-9 contrib-
uted to the release of SRAGE into the cell medium.

Uncoupling of RAGE-ERM complex after cytokine stimulation.
In untreated A549 cells, RAGE and ERM proteins exhibited marked
colocalization, with both showing diffuse cytoplasmic distribution as
shown in Fig. 5A. Upon treatment with TGF-31 and/or cytomix, this
interaction was uncoupled, with ERM proteins redistributing to the
cell membrane and RAGE expression diminishing markedly (Fig. 5,
B-D). Coimmunoprecipitation analysis confirmed the association of
RAGE and ERM proteins in A549 cells (Fig. 5E).
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Fig. 4. Matrix metalloproteinase (MMP)-9
mediates release of SRAGE. A: when cul-
tures were pretreated with MMP-9 Inhibitor
I, cytokine-mediated release of SRAGE into
the supernatant was blocked as indicated by
Western blot analysis of relevant superna-
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was used as a marker of for pro-MMP-2 and
-9. Gelatinases of molecular masses of 72
and 92 kDa corresponding to pro-MMP-2
and pro-MMP-9, respectively, were detected.
TGF-B1 and/or cytomix caused significant
strong increases in pro-MMP-9 band activi-
ties, which was regressed by MMP-9 Inhib-
itor I (5 nM). Graphs in A and B depict
quantitative analysis of band intensities ex-
pressed relative to the control. Black bars,
untreated; gray bars, MMP-9 Inhibitor I
treated. C—F: immunofluorescence staining
for MMP-9 (green) revealed enhanced ex-
pression levels in stimulated cells. C: untreated.

92 kDa

72 kDa

G D: TGF-B1. E: cytomix. F: TGF-B1 + cyto-
& 3.0 mix. G: similarly, exposure to recombinant
o 25 (rY)MMP-9 (100 ng/ml) resulted in increased
9 = T 5 levels of sSRAGE in the cell supernatant,
o 20 e CJ Q5 which was ameliorated by pretreatment of
& £ ¢ &d cultures with MMP-9 inhibitor I (MMP-9i, 5
w g i o s S= nM). Means = SD from >3 independent
o * T & = T = experiments. *P < 0.05. Bars, 20 um.
g 10 =% -
T sRAGE q_“ —-:J 50 kDa
X 05
0.0
& & oS
S’
N

TGF-BI and proinflammatory cytokines enhance CD44 ex-
pression and promote CD44-ERM interaction through phos-
phorylation of ERM proteins. CD44 is a cellular adhesion
receptor that is upregulated after tissue injury, purportedly
playing a role in remodeling of pulmonary tissues (20). More-
over, ERM proteins in their active state are known to bind
CD44, facilitating their cross-linking with actin filaments (24).
Thus we next examined the changes in expression and local-
ization of CD44 in A549 cells by CLSM. In their resting state,
A549 cells exhibited weak and diffuse localization of CD44
throughout the cytoplasm (Fig. 6A). Upon challenge with
TGF-B1 and/or cytomix, enhanced expression of CD44 di-
rectly below the plasma membrane was observed (Fig. 6,
B-D). In agreement with immunofluorescence findings, anal-
ysis by Western blot revealed an increase in protein expression

of CD44 after treatment, with the effects of both cytomix and
TGF-B1 plus cytomix being most marked (Fig. 6E).

To examine the relationship between CD44 and ERM,
colocalization studies using CLSM were performed, revealing
that cytokine treatment induced association of pERM with
CD44 (Fig. 6, F-I). In particular, strong signals were observed
toward the perinuclear region of cells, with more diffuse
colocalization noted in cytoplasmic areas. Consistent with
CLSM analysis, CD44 was identified in the protein complex
immunoprecipitated by anti-pERM antibody, but not by IgG
control (Fig. 6J).

Expression patterns of RAGE, CD44, and pERM are altered
in patient IPF tissues. Dual-fluorescence immunohistochemis-
try was performed for combinations of RAGE, CD44, and
PERM. Representative results are depicted in Fig. 7. In normal
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Fig. 5. Cytokine stimulation uncouples ERM-RAGE
complex. A—D: A549 cells cultured without (A) or with
TGF-B1 (B), cytomix (C), or TGF-B1 + cytomix (D)
for 72 h were subjected to immunofluorescence stain-
ing with antibodies to ERM (green) and to RAGE (red).
Untreated cells exhibited strong colocalization of ERM
and RAGE, with both showing diffuse cytoplasmic
distribution. After treatment, this association was dis-
rupted as ERM redistributed toward the cell periphery
and RAGE expression was diminished. Bars, 20 pm.
E: cell lysate from A549 cells was immunoprecipitated
(IP) with anti-RAGE antibody or IgG. ERM associated
with RAGE was detected by anti-ERM antibody as
shown in this representative Western blot. Cell lysate
from A549 cells is used as positive control for ERM.
All images and blots are representative of at least 3
independent experiments.

lung parenchyma, there was robust expression of RAGE (Fig.
7) that was markedly diminished in fibrotic lesions within IPF
tissues. Notably, there was an absence of any double-positive
cells for RAGE and pERM in both control and fibrotic lungs
(Fig. 7). Also mimicking data obtained in vitro, enhanced
expression of CD44 was observed within IPF lung tissue
samples. Moreover, distinct populations of double-positive
cells for pERM and CD44 as well as for CD44 and RAGE in
fibrotic tissues were noted (Fig. 7).

DISCUSSION

There is an ever-growing body of evidence supporting a role
for EMT in IPF (17, 21, 40, 43). However, while studies
continue to elucidate the underlying pathways of this biological
process, the nature of the mechanisms that give rise to the
major rearrangements of the submembrane cytoskeleton re-
main poorly understood. In this study, we assessed the rela-
tionship between ERM proteins and RAGE and their functional
role in cytokine-induced EMT of an alveolar epithelial cell
line, A549.

Members of the ERM family of proteins have previously
been shown to be important in regulation of cytoskeletal
structure and determination of cellular shape and motility (33,
35, 39, 47). Recently, investigations by Takahashi et al. (38)
illustrated that phosphorylation of ERM and subsequent com-
plexation with CD44 was an important step in EMT of retinal
pigment epithelial cells, mediating the loss of cell-cell contacts
and associated morphological changes. Moreover, in carcinoma-
derived renal epithelial cells and pulmonary vascular endothe-
lial cells, cytoskeleton rearrangement was associated with
redistribution of members of the ERM family of proteins and
their phosphorylation (23, 39). Extending this to the alveolar
epithelial setting, our present investigations illustrated that
ERM proteins localize toward the cell periphery after cytokine
stimulation, entering their activated state and complexing with
membrane-associated CD44. Additionally, our studies re-
vealed an interaction between the redistributed ERM proteins
and the F-actin stress fibers formed as cells underwent transi-
tion to a mesenchymal phenotype, further emphasizing the
importance of ERM in determination of cell shape. Collec-
tively, this colocalization is suggestive of a close relationship
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IP: IgG
IP: RAGE
Cell Lysate

between cytokine-induced ERM redistribution and phosphor-
ylation and EMT-associated actin remodeling in alveolar epi-
thelial cells.

Several kinases have been implicated in the regulation of
ERM protein function. In particular, the Rho-activated kinase
ROCK appears to be key in this context (23). Furthermore, the
ROCK family are important regulators of actin cytoskeleton
organization (29). Notably, in human colonic epithelial cells
inhibition of ROCK signaling has been shown to attenuate
actin remodeling and prevent ERM phosphorylation, while in
migrating intestinal epithelial cells enhanced coassociation of
ezrin with CD44 was found to be mediated, in part, by ROCK
(16, 33). In light of these findings, we investigated the effect of
ROCK inhibition on ERM phosphorylation state. While we did
not provide direct evidence for ROCK activation by proinflam-
matory cytokines, immunoblot analyses revealed that phos-
phorylation of ERM was blocked by the specific ROCK inhib-
itor Y-27632. In addition, our investigations revealed that
inhibition of ROCK, and thus ERM phosphorylation, contrib-
uted toward attenuation of EMT-associated actin stress fiber
generation. This implicates ROCK and its downstream effects
in the regulation of cytoskeletal structure, and is in agreement
with previous findings in epithelia of the lens and kidney (6, 7).
We hypothesized that inflammatory cytokines, in particular
TGF-B1, induce F-actin stress fibers as a consequence of
ROCK activating ERM proteins.

Preservation of an epithelial phenotype and its associated
morphological and functional characteristics is crucial to ho-
meostatic maintenance of the alveolar unit. In this regard,
RAGE, which is intimately involved in the regulation of
adhesion, migration, and proliferation of alveolar epithelial
cells (8, 30), exerts an important role. Moreover, pathologically
loss of RAGE has been implicated in fibrosis of the pulmonary
epithelium (9, 13, 30). In accordance with these observations,
we detected a marked decrease in RAGE expression in alveolar
epithelial cells after stimulation with TGF-1 and/or cytomix.
Notably, these findings are in contrast to those of He and
colleagues (15), who reported that RAGE—/— mice were
resistant to bleomycin-induced lung injury, with enhanced
survival rates and lower fibrotic scores. Given that RAGE
associates with components of the extracellular matrix (ECM)
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Fig. 6. TGF-B1 and/or cytomix enhance CD44 expression and promote CD44-ERM interaction via phosphorylation of ERM proteins. A—D: A549 cells cultured
without (A) or with TGF-B1 (B), cytomix (C), or TGF-B1 + cytomix (D) for 72 h were subjected to immunofluorescence staining with antibodies to CD44 (green)
alone. CLSM analysis revealed increased expression of CD44 directly under the plasma membrane after cytokine treatment. E: Western blot analysis
demonstrated that expression of CD44 in A549 cells was significantly (P < 0.05) enhanced after treatment with TGF-B1 and/or cytomix for 72 h. F—I: CLSM
colocalization studies were performed for pERM (red) and CD44 (green). F: untreated. G: TGF-B1. H: cytomix. I: TGF-B1 + cytomix. Representative images
reveal a strong association between pERM and CD44 after cytokine treatment as detailed above. J: A549 cells cultured as mentioned above were lysed and
subjected to immunoprecipitation with antibodies against CD44 or with control IgG. The resulting precipitates as well as the cell lysates were subjected to
immunoblot analysis with antibodies against ERM. The representative blot illustrates a strong association between CD44 and pERM in A549 cells after cytokine
stimulation. Means *= SD from >3 independent experiments. *P < 0.05. Bars, 20 pum.
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Fig. 7. Altered expression patterns of RAGE, pERM, and CD44 in patient idiopathic pulmonary fibrosis (IPF) tissues. Representative images of dual-fluorescence

immunohistochemistry of patient tissues from fibrotic and normal lungs show a

noticeable reduction of RAGE in fibrotic tissues and an absence of double-positive

cells for RAGE and pERM (top). In fibrotic tissues, pPERM and CD44 were found to colocalize (middle). Increased expression of CD44 in IPF samples was
observed and, in addition, coexpression with RAGE in a few alveolar epithelial cells (bottom).

(8), conceivably loss of RAGE may lead to diminished affinity
for the ECM and in this way increase the susceptibility of
epithelial cells of the alveolus to injurious events that propa-
gate the fibrogenic reaction. Given our findings, and that of

Queisser and colleagues (30), it appears likely that cytokine-
induced RAGE deficiency may be an important component of
the EMT process—an acknowledged key contributor to the
expanded fibroblast population in IPF.
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Next, we investigated the potential mechanism by which
RAGE expression levels are diminished. Previous studies have
shown that membrane RAGE may be cleaved by proteases to
form sRAGE (32, 47) and, in this way, give rise to lower
expression of full-length, membrane-bound RAGE. Indeed, in
models of acute lung injury (ALI), SRAGE has been found to
accumulate in the bronchoalveolar lavage fluid (BALF) (42).
Clinical studies have also highlighted the value of SRAGE as a
pathogenic and prognostic marker. A strong correlation has
been shown to exist between poorer clinical outcomes in
patients with ALI and higher baseline plasma sRAGE levels
(5), while both air space and perfusate SRAGE levels appear to
be negatively correlated with alveolar fluid clearance (2, 11).
Similarly, under hyperoxic conditions levels of SRAGE in
BALF and lung homogenates have been shown to increase (34,
37). Interestingly, in a bleomycin model of pulmonary fibrosis
SRAGE BALF levels were found to decrease after injury (9),
while in a silicosis model very little was detected, both before
and after injury (31). However, it has been suggested that these
conflicting results may be due to rapid clearance of SRAGE
following the injurious event. Here, in A549 human alveolar
epithelial cells, we observed increased levels of RAGE in the
cell supernatant after stimulation with proinflammatory cyto-
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kines. The antibody used in this study does not differentiate
between sRAGE and the endogenous secretory isoform (es-
RAGE). Thus a possible contribution by esRAGE cannot be
excluded; however, our finding is consistent with the sugges-
tion that increased SRAGE levels are a biological indicator of
alveolar epithelial cell injury. MMPs are one of the main
proteolytic enzymes involved in tissue remodeling during the
fibrotic process. In particular, MMP-9 (gelatinase B) has been
shown to mediate the disruption of the alveolar basement
membrane (28). Hence, we investigated the effect of inhibition
of MMP-9 activity on sSRAGE release. Activated MMPs are
rarely detected, on account of their fast degradation, and
therefore changes in activity of pro-forms were investigated
(26). Using gelatin zymography, we verified that stimulation
with TGF-B1 and/or cytomix gave rise to enhanced MMP-9
activity. Furthermore, use of an inhibitor of MMP-9 revealed
marked abrogation of RAGE release into the cell media of our
in vitro model. The important involvement of MMP-9 in
RAGE release was underlined by our findings that treatment
with recombinant MMP-9 elicited increased levels of RAGE in
cell supernatant samples. Together, these results lend support
to the hypothesis that proteolysis caused by MMP-9 contrib-
uted to SRAGE release into the media, although it is noted that

TCD44
expression

Fig. 8. Proposed schematic of disruption of ERM-
RAGE complex in epithelial-mesenchymal transi-
tion (EMT) of alveolar epithelial cells. Proinflam-
matory cytokines induce the expression of CD44, a
cellular adhesion receptor involved in pulmonary
tissue remodeling, and the phosphorylation of ERM
in a manner dependent on ROCK activation. Simul-
taneously, MMP-9 activity is increased after cyto-
kine stimulation and mediates proteolytic cleavage
of RAGE. Collectively, these events serve to pro-
mote deterioration of the ERM-RAGE complex.
Disruption of this stabilizing complex gives rise to
remodeling of the actin cytoskeleton and formation
of the ERM-CD44 complex, and ultimately leads to
EMT induction.
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inhibition of RAGE cleavage did not alter the morphological
changes observed in vitro.

Using immunofluorescence confocal microscopy and coim-
munoprecipitation, we explored the potential interaction be-
tween ERM proteins and RAGE. Interestingly, for the first
time, we showed a strong association between the proteins in
alveolar epithelial cells under control conditions. Moreover, we
found that this complex was disrupted after stimulation with
TGF-B1 and/or cytomix, as cells lost their epithelial phenotype
and gained characteristics typical of a mesenchymal pheno-
type, forming stress fibers and adopting a more fibroblast-like
appearance. It is important to note that EMT is not a single
event; rather, it consists of multiple steps, including epithelial
deaggregation, detachment from basement membrane, and cy-
toskeletal rearrangement (22). Our investigations suggest that
disruption of this ERM-RAGE complex is an important com-
ponent of this process. Conceivably, this event gives rise to a
destabilized epithelial state and, in this way, serves to “prime”
epithelial cells of the alveolus for transition to a mesenchymal
phenotype.

Analysis of patient tissue samples from both healthy and
fibrotic lungs lends further credence to our observations in
vitro. In accordance with previous findings (9, 30), dual im-
munohistochemistry studies highlighted a dramatic loss of
RAGE in the parenchyma of IPF lung tissue samples. Addi-
tionally, we enforced the assertion that CD44 is upregulated in
fibrotic pathologies (38) and colocalizes with RAGE in distinct
cell populations, which can be speculated to be ATII cells
undergoing transdifferentiation either into type I pneumocytes
or indeed into mesenchymal cells. We also illustrated an
association between CD44 and pERM at injurious sites within
the lung parenchyma of biopsy samples of patients with IPF,
thus extending our initial observations within A549 cells. In
light of these findings in vitro and in vivo, and those of
Takahashi and colleagues (38) in retinal pigment epithelial
cells, formation of a CD44-pERM complex appears potentially
functionally important in the generation of myofibroblasts via
EMT.

It is clear from our investigations and those of others (see,
e.g., Ref. 43) that epithelia of the alveolus exhibit sufficient
plasticity to undergo EMT and that the microenvironment in
pulmonary fibrosis is particularly suitable to induce EMT;
however, the degree to which this manifests to produce a
significant contribution to the fibrotic process requires further
investigation. While numerous investigations report alveolar
epithelial cells undergoing EMT, both in vitro and in vivo (21,
43), there is a dearth of information detailing the exact pro-
portion of (myo-)fibroblasts in fibrotic pulmonary tissues that
are EMT derived. Initial findings suggested that up to 80% of
pulmonary epithelial cells coexpressed both epithelial and
mesenchymal markers in fibrotic lungs (43). Use of cell-fate
mapping models has provided more convincing proof (21).
However, evidence remains conflicting. Recent findings by
Tanjore and colleagues (40) revealed that although EMT is a
source of fibroblasts, it is not a principal contributor to the
myofibroblast population, while a separate study failed to find
double-positive cells for epithelial markers in tissue samples
from either a bleomycin model of fibrosis or one that was
human derived (46).

In conclusion, in the present work, we have identified a
novel ERM-RAGE complex and shown that disturbance of this

RAGE AND ERM INTERACTION DURING EMT

complex in a MMP-9- and ROCK-dependent manner can be
observed in alveolar EMT. The precise details of our proposed
mechanism are depicted in Fig. 8. Our results suggest a
potentially important role for both ERM proteins and RAGE in
the mechanistic pathway(s) that underpins alveolar EMT, and
offer insight into a potential therapeutic target for amelioration
of EMT-related fibrosis of the lung. Histochemical evidence
suggests that RAGE likely localizes predominantly toward
type I alveolar epithelial cells in situ. Although our in vitro
study utilized A549 cells, an adenocarcinoma-derived cell line,
the extent to which they reflect phenotypic properties specific
to type II cells is somewhat restricted (e.g., absence of lamellar
bodies). Moreover, previous studies indicate that they are an
appropriate model in which to study the biology of RAGE and
EMT (19, 30). However, importantly, further experiments are
required to confirm these observations in primary cell culture
models and to elucidate additional underlying mechanistic
details, in particular the exact identity of the member(s) of the
ERM family of proteins implicated in the effects observed in
our studies.
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