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Aberrant epithelial-mesenchymal transition (EMT) is in-
volved in development of fibrotic disorders and cancer invasion.
Alterations of cell-extracellularmatrix interaction also contrib-
ute to those pathological conditions. However, the functional
interplay between EMT and cell-extracellular matrix interac-
tions remains poorly understood.Wenow show that the inflam-
matory mediator tumor necrosis factor-� (TNF-�) induces the
formation of fibrotic foci by cultured retinal pigment epithelial
cells through activation of transforming growth factor-�
(TGF-�) signaling in a manner dependent on hyaluronan-
CD44-moesin interaction. TNF-� promoted CD44 expression
andmoesin phosphorylation by protein kinase C, leading to the
pericellular interaction of hyaluronan and CD44. Formation of
thehyaluronan-CD44-moesin complex resulted in both cell-cell
dissociation and increased cellular motility through actin re-
modeling. Furthermore, this complex was found to be associ-
atedwithTGF-� receptor II and clathrin at actinmicrodomains,
leading to activation of TGF-� signaling. We established an in
vivo model of TNF-�-induced fibrosis in the mouse eye, and
such ocular fibrosis was attenuated inCD44-nullmice. The pro-
duction of hyaluronan and its interaction with CD44, thus, play
an essential role in TNF-�-induced EMT and are potential ther-
apeutic targets in fibrotic disorders.

The epithelial-mesenchymal transition (EMT)2 of epithelial
cells is characterized by the loss of epithelial characteristics and

the gain of mesenchymal attributes. During this transition, epi-
thelial cells down-regulate cell-cell adhesion systems, lose their
polarity, and acquire a mesenchymal phenotype associated
with increased interaction with the extracellular matrix (ECM)
and enhanced migratory capacity. The EMT is considered a
critical event in metazoan embryogenesis as well as in physio-
logical processes such as wound healing. However, it also plays
an important role in pathological settings such as fibrotic dis-
orders in various organs as well as cancer invasion and
metastasis.
The EMT associated with physiological processes is trig-

gered by members of the transforming growth factor-�
(TGF-�) family of proteins that function as morphogens (1). In
vitro studies have also shown that TGF-� is the major inducer
of the EMT in epithelial cells (2). Fibrotic disorders associated
with pathological EMT result from a series of events including
inflammation, leukocyte infiltration, and the production of
cytokines and growth factors. TGF-� is one of the cytokines
produced during inflammation and is, therefore, thought to
heavily contribute to EMT-associated fibrosis (3). However,
given that TGF-� also possesses anti-inflammatory properties,
the mechanism of pathological EMT induced by the inflamma-
tory response may be multifactorial and differ from that of
physiological EMT.
In addition to growth factors, changes in the ECMmicroen-

vironment contribute to the EMT. Epithelial cells cultured in a
type I collagen gel were found to undergo the EMT (4). Further-
more, collagen-induced changes in cadherin expression and
cell morphology in epithelial cells were shown to be dependent
on activation of intracellular signaling by collagen (5). These
observations implicated signaling pathways activated by cell
adhesion to the ECM in acquisition of the mesenchymal phe-
notype. Hyaluronic acid (HA), or hyaluronan, is a major com-
ponent of the ECM and plays a key role in tissue homeostasis as
well as in pathological tissue remodeling (6). HA is synthesized
by hyaluronic acid synthases (HASs) located at the plasma
membrane. Three isoforms of mammalian HAS catalyze the
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synthesis of HA of distinct molecular sizes. HAS1 and HAS2
synthesize high molecular mass HA (200–2000 kDa), whereas
HAS3 synthesizes lowmolecular mass HA (100–1000 kDa) (7).
HAS2-deficient mice fail to manifest the characteristic trans-
formation of cardiac endothelial cells into mesenchyme (8). In
addition, oligosaccharide forms ofHA, which inhibit binding of
endogenous HA to the HA receptor CD44, attenuate the EMT
associated with cardiac development (9–11). These findings
implicate HA-dependent changes in the tissue microenviron-
ment in induction of the EMT.
CD44 is the principal transmembrane adhesion receptor for

HA and plays a central role in the remodeling and degradation
of HA that lead to cell migration as well as to cancer invasion
and metastasis (12, 13) The cytoplasmic tail of CD44 recruits
ezrin-radixin-moesin (ERM) proteins that are linked to the
actin cytoskeleton and thereby promote cell motility. Expres-
sion of CD44 is up-regulated not only in cancer cells but also in
cells associated with inflammatory diseases (14–16), and
inflammation-mediated fibrosis in the lung and kidney was
shown to be attenuated in CD44-deficient mice (17–20). How-
ever, the molecular mechanism by which the HA-CD44 inter-
action leads to the development of fibrotic disorders remains
largely unknown.
Proliferative vitreoretinopathy (PVR) is a disorder character-

ized by the formation of membranes on the surfaces of the
retina and within the vitreous cavity after retinal detachment
surgery, and intraocular inflammation and EMT are thought to
be the pathogenesis of this disease (21, 22). The PVRmembrane
consists of extracellular matrix, retinal pigment epithelium
(RPE), retinal glial cells, fibroblasts, and inflammatory macro-
phages (23, 24). Intravitreal cell injection models of PVR show
that not only fibroblasts, but also RPE cells, are associated with
the formation of intraocular membrane (25). Various growth
factors and cytokines, which are inflammatory products of cell
activation, were increased in vitreous aspirates from the eyes
with PVR. One of the most prominent of the inflammatory
cytokines is tumor necrosis factor-� (TNF-�), whose mRNA
and proteins are widely expressed in PVR membranes (21, 26)
TNF-� is mainly derived from activatedmacrophages, and RPE
and glial cells in PVRmembranes also releases it (27). Although
TNF-� is thought to play a causative role in PVR, the underlying
mechanism is unknown.
Wehave nowdeveloped an in vitromodel of EMT-associated

fibrosis based on human RPE cells. With the use of this model,
we identified TNF-� as an important inducer of EMT-associ-
ated fibrotic focus formation. In addition, we clarified that the
HA-CD44-moesin interaction triggered by TNF-� is required
for activation of TGF-� signaling that leads to induction of the
mesenchymal phenotype in RPE cells. Furthermore, fibrosis
induced by injection of TNF-� into themouse retina was found
to be markedly suppressed in CD44 knock-out mice. These
findings indicate that the HA-CD44 interaction plays a key role
in EMT-associated fibrotic disorders.

EXPERIMENTAL PROCEDURES

Cell Culture—ARPE-19 cells were obtained from American
Type Culture Collection and maintained in Dulbecco’s modi-
fied Eagle’s medium-nutrient mixture F-12 (Sigma) supple-

mentedwith 10% fetal bovine serum.All experiments were per-
formed in serum-free medium unless otherwise noted.
Reagents and Antibodies—Human recombinant TNF-� and

the active form of human recombinant TGF-�2 were obtained
from R&D Systems; 4-methylumbelliferone (4-MU) was from
Wako, GF109203X, Y-27632, and SB203580 were fromCalbio-
chem, SB431542 was from Nacalai Tesque, and hyaluronidase
Streptococcus dysgalactiae was from Seikagaku. Antibodies
used in the study were as follows: the anti-phosphorylated
form of ERM and anti-phospho-Smad2 (Calbiochem); anti-
ERM (Chemicon); anti-clathrin heavy chain and anti-caveolin1
(BD Transduction Laboratories); anti-Smad2 (Cell Signaling);
anti-CD44 (BU52) for immunoblot analysis and immunofluo-
rescence staining (Ancell); anti-CD44 (IM-7.8.1) for blocking
HA-CD44 binding (BioLegend); anti-N-cadherin (Calbiochem
and Santa Cruz Biotechnology); anti-moesin for immunofluo-
rescence staining, anti-ezrin, and anti-cytokeratin 18 as well as
anti-CD44 (F10-44-2) for immunoprecipitation (Abcam); anti-
TGF-� receptor II (Cell Signaling and Santa Cruz Biotechnol-
ogy), anti-smooth muscle actin (�-SMA) and anti-�-tubulin
(Sigma); anti-fibronectin (NeoMarkers); anti-moesin for
immunoblot analysis (kindly provided by S. Tsukita, Osaka
University).
Plasmids and Small Interfering RNA (siRNA) Transfection—

The sequences of siRNA (chimeric RNA-DNA) duplexes
(Japan Bioservice) were 5�-AAAUGGUCGCUACAGCAU-
CTT-3� and 5�-GAUGCUGUAGCGACCAUUUTT-3� for hu-
man CD44 (28), 5�-CUAUACAUGCGCCGUCGCATT-3� and
5�-UGCGACGGCGCAUGUAUAGTT-3� for human moesin,
and 5�-CGUACGCGGAAUACUUCGATT-3� and 5�-UCGA-
AGUAUUCCGCGUACGTT-3� for luciferase (GL-2) as a con-
trol. Cells were transfected with the annealed siRNAs for 48 h
with the use of the Oligofectamine reagent (Invitrogen).
Immunoprecipitation and Immunoblot Analysis—Immuno-

precipitation followed by immunoblot analysis was performed
as previously described (29). In brief, cells were lysed on ice for
20 min, and the lysates were incubated for 2 h with antibodies
toCD44 orTGF-� receptor II, afterwhich proteinA-Sepharose
beads (GE Healthcare) were added, and the mixture was incu-
bated for an additional 2 h. The beads were isolated by centri-
fugation, and the bead-bound proteins were subjected to
immunoblot analysis.
Immunofluorescence Microscopy—Immunofluorescence mi-

croscopic analysis was performed as previously described (30).
In brief, ARPE-19 cells were fixed with 4% paraformaldehyde
and incubated for 60 min with primary antibodies or biotiny-
lated HA-binding protein (Seikagaku). The cells were then
washed 3 times with phosphate-buffered saline (PBS) before
incubation for 60 min with secondary antibodies labeled with
either fluorescein isothiocyanate (BIOSOURCE) or Texas Red
(Invitrogen). Biotinylated HA-binding protein was detected
by fluorescein isothiocyanate-conjugated avidin (Invitrogen).
Actin fibers were visualized by staining with Alexa Fluor 488-
labeled phalloidin (Invitrogen). The cells were mounted in 80%
glycerol or Vectashield mounting medium with propidium
iodide (Vector) and visualized with a confocal microscope
(Fluoview, Olympus).
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Microarray and Reverse Transcription (RT)-PCR Analyses—
Total RNA was extracted from cells with the use of Trizol rea-
gent (Invitrogen). Formicroarray analysis, biotin-labeled cRNA
probes synthesized from the total RNA were subjected to
hybridization with a GeneChip Human Genome U133 Plus
2.0 Array (Affymetrix), and hybridization was visualized with
streptavidin-phycoerythrin. Raw intensity data for each exper-
imentwere first normalized by theMAS5.0 statistical algorithm
(Affymetrix) and then log2-transformed for calculation of Z
scores. The scores were calculated by subtracting the overall
average gene intensity (within a single experiment) from the
raw intensity data for each gene and then dividing the result by
the standard deviation of all themeasured intensities according
to a previously established formula (31). Further statistical anal-
ysis was performed by analysis of variance (32).
For RT-PCR analysis, portions (2 �g) of total RNAwere sub-

jected toRTwith an oligo(dT) primer and Superscript II reverse
transcriptase (Invitrogen). PCR was performed as previously
described (33) with the primers (forward and reverse, respec-
tively) 5�-TGAACAGAAGTTAAGGCCAAATATC-3� and 5�-
CAGGCAAAGCTGTAGAATTACATTT-3� for TGF-�2, 5�-
TCCCAGACGAAGACAGTCCCTGGAT-3� and 5�-CACTG-
GGGTGGAATGTGTCTTGGTC-3� for CD44, and 5�-TCCC-
TGGAGAAGAGCTACGAGC-3� and 5�-GTAGTTTCGTG-
GATGCCACAGG-3� for �-actin (internal control).
EMT-associated Fibrotic Deposits (EAFD) Assay—ARPE-19

cells were cultured in 35-mm dishes for 4 days in the presence
of TNF-� or TGF-�2. Theywere then fixedwithmethanol for 5
min, air-dried, and stainedwithGiemsa solution (Merck) for 15
min. The number of EAFDs was counted with the use of a light
microscope.
Erythrocyte Exclusion Assay—Fixed sheep red blood cells

(Research Diagnostics) were layered onto a monolayer of
ARPE-19 cells in a 35-mm dish and incubated for 15 min at
room temperature. The cells were then observed with a differ-
ential interference contrast (DIC) video microscope (CKX41,
Olympus) and analyzed with the use of Flovel software
(Olympus).
Cell Binding of Fluorescein-labeled HA—Cells were exposed

to fluorescein-labeled HA (Calbiochem) at 100 ng/ml for 6 h,
washed with PBS, fixed with 4% paraformaldehyde for 30 min,
permeabilized with 0.2% Triton X-100 in PBS for 5 min, and
washedwith PBS. Theywere then incubated for 60min at room
temperature with Hoechst 33342 (Invitrogen) diluted in PBS
containing 0.2% bovine serum albumin to visualize nuclei. The
cells were washed with PBS and examined with a fluorescence
microscope (Image XpressMICRO, Molecular Devices). The
average binding of fluorescence-HA to each cell was quanti-
tated with the use of Meta Xpress software.
In Vitro Wound Healing Assay—A sterile plastic micropi-

pette tip was used to make a wound by scratching a monolayer
of ARPE-19 cells in serum-free medium.Migration of cells into
the wound area was monitored by video microscopy.
RPEOrganCulture System—Mouse retinal organ culturewas

performed as described (34) with modifications. Mice were
killed, and the eyes were enucleated. After removal of the ante-
rior segment and lens andpeeling of the retina fromeach eye, all
layers of the posterior eyecup (RPE, choroid, and sclera) were

cut into four segments and flattened in the presence ofMatrigel
(BD Biosciences) on the polyethylene terephthalate mem-
branes (pore size, 0.4 �m) of cell culture inserts (BD Bio-
sciences). The RPE layer adhering to the choroidal sheet was
incubated in endothelial basal medium (Lonza) containing
hydrocortisone, human epidermal growth factor, bovine brain
extract, fetal bovine serum, and antibiotics with or without
TNF-� or TGF-�2. The membranes were then removed from
the inserts, and the tissue was subjected to immunofluores-
cence analysis.
In Vivo EMTModel inMouse Eyes—All animals were treated

in accordance with the Association for Research in Vision and
Ophthalmology Statement for the Use of Animals in Ophthal-
mic and Vision Research. C57BL/6J and CD44 knock-out mice
(The Jackson Laboratory) at 6–8 weeks of age were anesthe-
tized by intraperitoneal injection of sodium pentobarbital (50
mg/kg) and subjected to injection of TNF-� (400 ng in 2.5 �l of
PBS) or PBS (control) into the subretinal region of one eye
through the sclera. The injections were performed with a
microsyringe (Hamilton) fitted with a sterile 33-gauge needle,
with the uninjected contralateral eye serving as a control (35).
The mice were killed 14 days after injection, and the eyes were
enucleated, fixed with 4% paraformaldehyde, and embedded in
paraffin. Sections were cut at a thickness of 4 �m, depleted of
paraffin, rehydrated with a graded series of ethanol solutions,
and processed for immunofluorescence staining.

RESULTS

EMT-associated Fibrotic Change Results from Interplay
between TNF-� and TGF-�2 Signaling in Human RPE Cells—
TGF-� is a major inducer of the EMT during embryogenesis,
wound healing, fibrotic disorders, and cancer invasion (2, 3). In
addition, chronic irritation and inflammation trigger fibrotic
disorders (36), and the proinflammatory cytokine TNF-� pro-
motes the EMT cooperatively with TGF-� (37). On the basis of
this information, we first investigated the effects of TGF-� and
TNF-� on the EMT in cultured epithelial cells. We studied the
spontaneously derived human RPE cell line ARPE-19 because
of its stable epithelial characteristics, including a cuboidal mor-
phology and the formation of intercellular junctions mediated
by N-cadherin in long term culture (38). In retinal pigment
epithelial cells, which originate from neural ectoderm,
N-cadherin, rather than E-cadherin, is known to behave as
dominant cadherin and form stable, zonula adherens-type
junctions (39, 40).
TGF-�2 is the major isoform of TGF-� expressed in inflam-

matory eye diseases (41) and induces fibrotic plaque formation
in lens epithelial explants (42). However, exposure to the active
form of TGF-�2 alone did not have a marked effect on the
morphology of ARPE-19 cells (Fig. 1A). In contrast, exposure to
TNF-� induced both a pronounced shift in the morphology of
ARPE-19 cells to a spindle-like fibroblastic appearance as well
as the formation of foci of “piled-up” cells, as revealed by DIC
microscopic observation and Giemsa staining of the fixed cells,
which allowed us to easily count the number of the cell aggre-
gation (Fig. 1, A and B). The number of TNF-�-induced cell
aggregation was not significantly affected by co-stimulation
with TGF-�2 (Fig. 1, A and B). However, the TNF-�-induced
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cell aggregation was completely blocked by a specific inhibitor
of TGF-� receptor I (SB431542), which acts as a competitive
ATP binding site kinase inhibitor and selectively blocks TGF-�
signaling but neither bone morphogenic protein signaling nor
the extracellular signal-regulated kinase (ERK), p38 mitogen-
activated protein kinase (MAPK), and other pathways (43, 44).
Furthermore, stimulation with TNF-� alone increased the
abundance of TGF-�2mRNA inARPE-19 cells (Fig. 1C). These
results suggested that co-activation of TNF-� and TGF-�2 sig-
naling is necessary for the induction of a fibroblast-like pheno-
type and the cell aggregation in RPE cells.
To investigate further the phenotypic change induced by

TNF-� andTGF-�2 inARPE-19 cells, we performed time-lapse
video microscopy (Fig. 1D, supplemental Movies 1 and 2). In
contrast to control ARPE-19 cells, which were static and

remained in a flat monolayer, cells exposed to both TNF-� and
TGF-�2 were highly motile and gathered together to form the
piled-up foci. Fluorescence microscopic analysis revealed that
the piled-up foci were composed of spindle-shaped cells and
various ECM components including HA and fibronectin (Fig.
1E) as well as type I collagen and laminin (data not shown).
Immunoblot analysis also showed that the combination of
TNF-� and TGF-�2 both increased expression of the mesen-
chymal marker �-SMA as well as down-regulated that of the
epithelialmarker cytokeratin 18 (Fig. 1F). These data, thus, sug-
gested that co-stimulation with TNF-� and TGF-�2 induced
the EMT in RPE cells.
To confirm that costimulation with TNF-� and TGF-�2

induces a gene expression profile characteristic of the EMT, we
performed cDNA microarray analysis of 47,000 transcripts at

FIGURE 1. TNF-� and TGF-�2 interdependently promote the formation of EAFDs by ARPE-19 cells. A, confluent cells were cultured for 4 days in the
absence (Control) or presence of TNF-� (10 ng/ml), TGF-�2 (5 ng/ml), or 10 �M SB431542, an inhibitor of TGF-� receptor I, as indicated. The cells were then either
examined by DIC microscopy or fixed and subjected to Giemsa staining. Arrows indicate piled-up cell aggregates. Scale bars, 100 �m (upper panels) or 300 �m
(lower panels). B, the cell aggregates detected by Giemsa staining in experiments shown in A were counted by microscopic observation. Data are the means �
S.D. for 12 different fields in each of three independent experiments. **, p � 0.01 (Student’s t test). C, cells were cultured in the absence or presence of TNF-�
for 24 h, after which the abundance of TGF-�2 and �-actin (control) mRNAs was determined by RT-PCR analysis. D, cells were seeded on glass-bottom plates,
incubated in the absence or presence of TNF-� and TGF-�2 in serum-free medium, and observed by time-lapse DIC microscopy (see supplemental Movies 1
and 2). Still images of the cells at times 0 and 45 h 19 min are shown. E, confluent cells cultured with or without both TNF-� and TGF-�2 for 48 h were subjected
to fluorescence staining with HA binding protein for HA and with antibody to fibronectin. Merged images are also shown. Scale bars, 50 �m. F, cells were
cultured in the presence of both TNF-� and TGF-�2 for the indicated times, after which cell lysates were prepared and subjected to immunoblot analysis (IB)
with antibodies to �-SMA, cytokeratin 18, or �-tubulin (loading control). G, cells were incubated in the absence or presence of both TNF-� and TGF-�2 for the
indicated times (hours), after which total RNA was extracted and subjected to microarray analysis. A cluster heat map for EMT-related genes (see supplemental
Table 1) is shown. Red and green denote higher and lower relative expression, respectively; the degree of color saturation reflects the magnitude of the log
expression signal according to the indicated scale.
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various times after exposure of ARPE-19 cells to the cytokines.
As we expected, the expression of EMT-related genes (1, 45)
changed in a time-dependent manner (Fig. 1G, supplemental
Table 1); co-stimulation increased the expression of various
mesenchymal type genes, including SNAI1 (encoding snail),
CD44 (CD44), MMP9 (matrix metalloproteinase 9), FN1
(fibronectin), and COL1A1 (type 1A collagen). Conversely, the
expression of key epithelial type genes, such asTJP1 (tight junc-
tion protein 1), KRT18 (cytokeratin 18), and CDH1 (E-cad-
herin), was inhibited by TNF-� and TGF-�2.

Together, our results, thus, suggested that interplay between
TNF-� and TGF-�2 signaling induces the EMT in ARPE-19
cells. For subsequent experiments, the characteristic aggrega-
tions of ARPE-19 cells induced by these cytokines were termed
EAFDs.

HA Synthesis Is Essential for TNF-�-induced EMT in RPE
Cells—The ECM microenvironment plays a central role in
induction of the EMT.Given thatwe found that fibronectin and
HAweremajor ECMcomponents of EAFDs (Fig. 1E), we inves-
tigated which of these components is more important for EMT
induction in ARPE-19 cells.We then performed an erythrocyte
exclusion assay to visualize the pericellular HA (Fig. 2A) and an
immunoblot analysis for fibronectin expression in ARPE-19
cells (Fig. 2B). In the erythrocyte exclusion assay, a clear zone
surrounding cells is generated as a result of exclusion of fixed
erythrocytes by the gel-like HA coat (46, 47). Erythrocyte par-
ticles were widely excluded from the region surrounding TNF-
�-stimulated cells. But the pericellular matrix of TNF-�-stim-
ulated cells was no longer evident after treatment of the cells
with hyaluronidase, indicating that HA was the major compo-

FIGURE 2. HA synthesis is required for TNF-�-induced EMT in ARPE-19 cells. A, cells were incubated in the absence or presence of TNF-� or TGF-�2 for 24 h.
Some cells stimulated with TNF-� were treated with hyaluronidase (10 milliunits/ml) for 1 h before the addition of the fixed erythrocytes. Then the cells were
incubated with fixed erythrocytes for 15 min, after which phase-contrast images were obtained (bottom panels). Individual cells were traced to determine the
cell area (white dotted lines), and the external boundary of the halo was traced to determine the area of the pericellular matrix (yellow lines). The area between
the two lines represents the area of the pericellular coat (particle-excluded area) and was expressed as the means � S.D. for cells in 10 representative fields
(upper panel). Scale bar, 20 �m. **, p � 0.01 (Student’s t test). B, cells were cultured in the absence or presence of TNF-�, TGF-�2, or both cytokines for the
indicated times, after which cell lysates were prepared and subjected to immunoblot analysis (IB) with antibodies to fibronectin, cytokeratin 18, or �-tubulin.
C, confluent cells were cultured in the absence or presence of the HA synthesis inhibitor 4-MU (1 mM) for 24 h and then in the additional absence or presence
of TNF-� for 4 days. The cells were then either examined by DIC microscopy or fixed and subjected to Giemsa staining. Scale bars, 100 �m (left panels) or 300 �m
(right panels). D, cells exposed to 4-MU as in C were cultured in the additional absence or presence of TNF-� for 24 h. The cell monolayer was then scratched, and
migration of cells into the wound area was observed at 0 and 30 h thereafter by DIC microscopy. Yellow lines indicate the initial margins of the wound. Scale bars,
100 �m. E, cells exposed to 4-MU as in C were cultured in the additional absence or presence of TNF-� for the indicated times, after which cell lysates were
prepared and subjected to immunoblot analysis with antibodies to fibronectin, �-SMA, or �-tubulin. Numbers below each lane represent the intensity of each
band normalized by that of �-tubulin and expressed relative to the normalized value for control cells.
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nent of this pericellular matrix. Importantly, such matrix-de-
pendent erythrocyte exclusion was significantly higher in cells
treated with TNF-� than in cells treated with TGF-�2 alone
(Fig. 2A), whereas TGF-�2 alone could induce slight pericellu-
larmatrix formation. In contrast, immunoblot analysis revealed
that stimulation with TGF-�2 alone as well as TNF-� alone for
3 days induced the expression of fibronectin (Fig. 2B). Although
TGF-�2 induced a marked increase in fibronectin expression
(Fig. 2B), it did not induce EAFD formation (Fig. 1, A and B).
The data raised the possibility that fibronectin does not play a
critical role in formation of EMT-associated deposits. Then, to
investigatewhetherHAproduction is essential for the EMT,we
used 4-MU, a well known inhibitor of HA synthesis (48–50).
Treatment with 4-MU completely blocked both the induc-
tion of EAFD formation (Fig. 2C) and the promotion of
wound healing in vitro (Fig. 2D) by TNF-�. Furthermore,

4-MU markedly inhibited the
TNF-�-induced expression of
mesenchymalmarkers,�-SMA, and
fibronectin (Fig. 2E). Given that
inhibition of HA synthesis blocked
the expression of fibronectin, the
possible role of fibronectin in EAFD
formation cannot be excluded.
However, our findings suggested
the importance ofHAproduction in
induction of the EMT.
TNF-� Promotes HA-CD44 Inter-

action in RPE Cells—CD44 is a cell
surface receptor for HA and con-
tributes to anchoring of the HA
matrix to the cell periphery (6). RT
and PCR analysis showed that
the amount of CD44 mRNA in
ARPE-19 cells was markedly in-
creased by TNF-� but not by
TGF-�2 alone (Fig. 3A). The
amount of CD44 protein was also
increased by TNF-� treatment in a
time-dependent manner (Fig. 3B).
We, therefore, investigated the
effect of TNF-� on HA-CD44 inter-
action in ARPE-19 cells. We first
evaluated the ability of cells to bind
HA with the use of fluorescein-la-
beled HA (Fig. 3C). The binding of
fluorescein-HA to ARPE-19 cells
was increased by stimulation of the
cells with TNF-� but not by that
with TGF-�2. This effect of TNF-�
was inhibited by IM-7.8.1, a mono-
clonal antibody that binds to the
extracellular HA binding domain
of CD44. Furthermore, the extent of
the pericellular HA coat of TNF-�–
stimulated cells was significantly
reduced in the presence of the
IM-7.8.1 monoclonal antibody

(Fig. 3D). Together, these findings indicate that TNF-� pro-
motes HA-CD44 interaction at the cell surface by the increased
level of CD44, leading to pericellular reorganization of HA.
TNF-� Promotes CD44-ERM Interaction through Protein

Kinase C (PKC)-dependent Phosphorylation of ERM Proteins—
Binding of HA to CD44 is regulated by interaction of the
intracellular domain of CD44 with phosphorylated ERM
(pERM) in leukocytes (51) and myeloid cells (52). Phosphor-
ylation of ERM proteins is known to be mediated by PKC,
p38 MAPK, and Rho kinase (53). We found that TNF-�
increased the phosphorylation of ERM proteins in ARPE-19
cells and that such phosphorylation was blocked by a specific
inhibitor of PKC (GF109203X) (54) but not by specific inhibi-
tors of p38 MAPK (SB203580) (55) or of Rho kinase (Y-27632)
(56) (Fig. 4A), suggesting that PKC is responsible for the TNF-
�-induced phosphorylation of ERM proteins. Immunocyto-

FIGURE 3. TNF-� promotes HA-CD44 interaction in ARPE-19 cells. A, cells were cultured in the absence or
presence of TNF-� or TGF-�2 for 24 h and then subjected to RT-PCR analysis of CD44 or �-actin mRNAs. B, cells
were cultured in the presence of TNF-� for the indicated times, after which cell lysates were prepared and
subjected to immunoblot analysis (IB) with antibodies to CD44 or to �-tubulin (loading control). C, cells were
incubated in the absence or presence of TNF-� or TGF-�2 with or without the IM-7.8.1 antibody to CD44 (20
�g/ml) or control immunoglobulin G (IgG) for 24 h and then in the additional presence of fluorescein-HA for 6 h.
The binding of fluorescein-HA to the cells was then determined by fluorescence microscopic analysis and
expressed relative to the level observed with control cells. Data are the means � S.D. of values from 12 different
fields in each of three independent experiments. *, p � 0.05 (Student’s t test). D, cells were cultured for 24 h in
the absence or presence of TNF-� and with the IM-7.8.1 antibody to CD44 or control IgG. The cells were then
incubated with fixed erythrocytes for 15 min, after which phase-contrast images were obtained (bottom pan-
els). The area of the pericellular coat (particle-excluded area) was determined as in Fig. 2A. Data are the
means � S.D. for cells in 10 representative fields. Scale bar, 20 �m. **, p � 0.01 (Student’s t test).
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fluorescence analysis revealed that
TNF-� induced the colocalization
of both pERMandHAwithCD44 in
characteristic spherical extrusions
at the cell periphery (white arrows,
Fig. 4B). Immunoprecipitation anal-
ysis confirmed that TNF-� induced
the association of the ERM protein
moesin with CD44 in ARPE-19 cells
(Fig. 4C). Furthermore, inhibition of
PKC activity with GF109203X
blocked both the binding of fluores-
cein-HA to the cell surface (Fig. 4D)
and pericellular matrix formation
(Fig. 4E) induced by TNF-�. Other
kinase inhibitors, SB431542 and
Y-27632, did not block the HA peri-
cellular matrix formation (Fig. 4E).
Together, these results indicated
that TNF-�-mediated activation of
PKC is required for the formation of
HA-CD44-phosphorylated moesin
complex, which plays a key role in
the TNF-�-induced mesenchymal
phenotype.
Moesin Is Required for EMT

Induction by TNF-� in RPE Cells—
CD44-ERM interaction plays a key
role in themovement andmigratory
polarity of cells (57). We, therefore,
next examined the effect of TNF-�-
induced HA-CD44-ERM interac-
tion on organization of the actin
cytoskeleton and cell structure.
Untreated ARPE-19 cells mani-
fested radial actin cables and cir-
cumferential actin fiber bundles
(Fig. 5A), both of which are charac-
teristics of epithelial cells. TNF-�
induced reorganization of the actin
cytoskeleton, with the stimulated
cells exhibiting elongated and paral-
lel actin stress fibers similar to those
found in fibroblasts (Fig. 5A). In
addition, cortical actin in dorsal and
peripheral areas of the cell body
formed spherical extrusions, termed
actin microdomains (58), in the
TNF-�-treated cells. Furthermore,
TNF-� induced the accumulation of
pERM to the actin microdomains
(Fig. 5A). The formation of actin
microdomains and the accumula-
tion of pERM to microdomains
induced by TNF-� were blocked by
the PKC inhibitor GF109203X (Fig.
5A). These results, thus, suggested
that the PKC-mediated phosphory-

FIGURE 4. TNF-� induces phosphorylation of ERM and the interaction of ERM with CD44-HA in a
PKC-dependent manner in ARPE-19 cells. A, cells were cultured in the absence or presence of TNF-� for
24 h, with the indicated inhibitors GF109203X (2.5 �M), Y-27632 (5 �M), SB203580 (20 �M) added to the
medium for the final 3 h. Cell lysates were then prepared and subjected to immunoblot analysis (IB) with
antibodies to pERM, ezrin, or moesin. The arrowhead and arrow indicate ezrin-radixin and moesin, respec-
tively. B, cells were cultured in the absence or presence of TNF-� for 24 h and then subjected to fluores-
cence microscopic analysis with antibodies to CD44 and to pERM (upper panels) or with antibodies to CD44
and HA binding protein (lower panels). Arrows indicate colocalization of CD44 and pERM and of CD44 and
HA in characteristic spherical extrusions at the cell periphery, respectively. Scale bars, 20 �m. It should be
noted that HA was also detected in nucleus in both control and TNF-�-treated cells as previously reported
(65). C, cells cultured in the absence or presence of TNF-� for 24 h were lysed and subjected to immuno-
precipitation (IP) with antibody to CD44 or with control IgG. The resulting precipitates as well as the cell
lysates (2% of the input for immunoprecipitation) were subjected to immunoblot analysis with antibodies
to moesin or to CD44. D, cells were incubated in the absence or presence of TNF-� with or without
GF109203X for 24 h and then in the additional presence of fluorescein-HA for 6 h. The binding of fluores-
cein-HA to the cells was then determined by fluorescence microscopic analysis and expressed relative to
the level observed with control cells. Data are the means � S.D. of values from 12 different fields in each
of three independent experiments. *, p � 0.05 (Student’s t test). E, cells were cultured for 24 h in the
absence or presence of TNF-� with or without GF109203X, SB431542, or Y-27632. The cells were then
incubated with fixed erythrocytes. Phase contrast images were obtained for determination of the area of
the pericellular coat (particle-excluded area). Data are the means � S.D. for cells in 10 representative
fields. Scale bar, 20 �m. **, p � 0.01 (Student’s t test).
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lation of ERM proteins is required for actin reorganization in
cells during the EMT.
The cDNA microarray analysis revealed that among the

genes coding ERM proteins, expression of the gene for moesin
(MSN) was specifically up-regulated during EAFD formation
(Fig. 1G). Furthermore, moesin itself was prominently phos-
phorylated in response to TNF-� stimulation in ARPE-19 cells
(Fig. 4A). We, therefore, next tested the effect of RNAi-medi-
ated moesin depletion (Fig. 5B) on EMT induction by TNF-�.
TNF-� induced the formation of parallel actin stress fibers and
actin microdomains and the disruption of N-cadherin-medi-
ated cell-cell contact in cells treated with a control siRNA (Fig.
5C). Whereas moesin-depleted cells showed the epithelial pat-
tern of F-actin andN-cadherin staining under basal conditions,
these cells did not manifest the peripheral actin remodeling or
disruption of N-cadherin staining at cell-cell boundaries in
response to TNF-� stimulation (Fig. 5C).

We next examined the contribution of moesin to cell migra-
tion with the in vitro assay of wound healing. Time-lapse video

microscopy revealed that control cellsmigrated into thewound
area en masse, maintaining cell-cell contact during wound clo-
sure (Fig. 5,D–F, supplemental Movie 3). In contrast, ARPE-19
cells stimulated with TNF-� migrated individually and more
rapidly into the wound, continuously changing their orienta-
tion and shape (Fig. 5, D–F, supplemental Movie 4). These
effects of TNF-� were markedly inhibited in cells depleted of
moesin by RNAi (Fig. 5, D–F, supplemental Movie 5). Overall,
these data indicated that moesin plays an essential role in the
induction by TNF-� of phenotypes associated with the EMT in
RPE cells.
TNF-�-induced CD44 Expression Reinforces TGF-�-depen-

dent EMT—As mentioned above, we found that both TNF-�
and TGF-� are necessary for EMT induction in ARPE-19 cells.
In addition, TNF-� was shown to promote HA�CD44�pERM
interaction at the cell periphery, with such interaction being a
key event in EMT induction.We, therefore, examined whether
CD44 is required for the activation of TGF-� signaling in
ARPE-19 cells. HA-CD44 interaction was previously shown to

FIGURE 5. Moesin plays an essential role in TNF-�-induced EMT in ARPE-19 cells. A, cells were cultured for 24 h in the absence or presence of TNF-� or
GF109203X, as indicated, and were then subjected to fluorescence microscopic analysis with antibody to pERM and with phalloidin for detection of F-actin (left
panels) or with antibody to CD44 and with phalloidin (right panels). Arrowheads indicate actin microdomain formation by TNF-� treatment. Scale bars, 20 �m.
B, lysates of cells transfected with control or moesin siRNAs were subjected to immunoblot analysis (IB) with antibodies to ERM or to �-tubulin. The arrowhead
and arrow correspond to ezrin-radixin and moesin, respectively. C, cells transfected with control or moesin siRNAs were incubated in the absence or presence
of TNF-� for 24 h and then subjected to fluorescence microscopic analysis with antibodies to N-cadherin and moesin and with phalloidin to visualize F-actin.
Arrowheads indicate actin microdomain formation by TNF-� treatment. Scale bars, 20 �m. D, cells treated as in C were subjected to the in vitro wound healing
assay as in Fig. 2C (see supplemental Movies 3–5). Still images at 0, 24, and 48 h are shown. E, quantification of cell migration is shown in D. The distance between
leading edges of three migrating cells and the wound edge was measured in time-lapse images at the indicated times. Data (% migration) are the means � S.D.
*, p � 0.05, **, p � 0.01 (Student’s t test). F, cells treated as in D for 6 h were subjected to immunofluorescence staining with antibodies to N-cadherin and to
moesin.
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stimulate the serine-threonine kinase activity of the TGF-�
receptor and thereby to induce phosphorylation of Smad2/3
through the association of CD44 with the TGF-� receptor (59).

Furthermore, it has been shown that clathrin-dependent inter-
nalization of TGF-� receptors promotes TGF-� signaling
through Smad2 activation, whereas the lipid raft-caveolar
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internalization pathway promotes rapid receptor turnover,
leading to inactivation of TGF-� signaling (60). Based on this
knowledge, we attempted to investigate the interaction of
CD44 with TGF-� receptor II. Immunocytofluorescence anal-
ysis showed that CD44 colocalized with endogenous TGF-�
receptor II at actin microdomains in TNF-�–stimulated
ARPE-19 cells (Fig. 6A). Furthermore, immunoprecipitation
analysis showed that the stimulation with TNF-� plus TGF-�
promotes the association of CD44 with TGF-� receptor II (Fig.
6B). Additionally, CD44-positive spots were colocalized with
clathrin but not with caveolin in TNF-�-treated cells (Fig. 6, C
andD). Although themerge rate of CD44- and clathrin-positive
spots was significantly increased by TNF-� treatment (Fig. 6E),
the expression of caveolin was decreased in the presence of
TNF-� (not shown). These data suggested that CD44 is
involved in TGF-� activation in the presence of TNF-�. In fact,
the induction by TNF-� and TGF-�2 of Smad2 phosphoryla-
tion and fibronectin expression, both of which are important
downstream events in TGF-� signaling, was suppressed by
RNAi-mediated depletion of CD44 as well as by treatment with
SB431542, an inhibitor of the TGF-� type I receptor (Fig. 6, F
and G). These findings suggested that CD44 is required for the
activation of TGF-� signaling in ARPE-19 cells.

We also examined the effect of CD44 depletion on the
EMT-mediated EAFD formation. Treatment with TNF-� and
TGF-�2 induced aggregation of cells with accumulation of HA
and high expression of CD44 (Fig. 6, H and I). However, CD44
depletion significantly blocked the HA-rich EAFD formation,
suggesting that CD44-mediated signal reinforces the activation
of TGF-� pathway during induction of the EMT.
TNF-�-induced and CD44-mediated Acquisition of the Mes-

enchymal Phenotype Results in Fibrosis in the Mouse Eye—We
next examined the requirement for CD44 in TNF-�-induced
EMT with the use of a mouse RPE organ culture system. The
RPE layer adhering to the choroidal sheet was spread flat and
cultured in endothelial basal medium in the absence or pres-
ence of TNF-� or TGF-�2 (Fig. 7A). Immunostaining for
N-cadherin revealed the typical hexagonal shape of RPE cells in
the control culture condition (Fig. 7B). Exposure of RPE cells to
TGF-�2 did not affect the hexagonal pattern of N-cadherin
staining, whereas treatment with TNF-� resulted in disruption
of N-cadherin-mediated cell-cell contacts (Fig. 7B). Further-
more, exposure of RPE cells in long-term organ culture to
TNF-� resulted in their adoption of a fibroblastic morphology
and formation of HA-rich piled-up structures (Fig. 7C). In con-

trast, TNF-� did not affect the epithelial morphology of, or the
localization of N-cadherin at sites of cell-cell contact in RPE
cells prepared from CD44 knock-out mice. Furthermore, the
TNF-�-induced accumulation of HAwas not detected with the
RPE cells from CD44 knock-out mice (Fig. 7C).
Finally, we established a model of TNF-�-induced fibrosis

in the mouse eye. When PBS was injected into the subretinal
region of the mouse eye, RPE cells repaired the wound while
maintaining their epithelial phenotype on Bruch’s mem-
brane (Fig. 7D). In contrast, when TNF-� was injected
instead of PBS, the injured RPE cells formed multiple layers,
with dense fibrous tissue composed of elongated fibroblast-
like cells apparent at day 14. These cells expressed �-SMA at
a high level, a hallmark of mesenchymal cells, as well as man-
ifested up-regulation of CD44 (Fig. 7, D and E). In CD44
knock-out mice, RPE cells did not become elongated or form
fibrous tissue in response to injection of TNF-� but, rather,
behaved as did those in wild-type mice injected with PBS
(Fig. 7, D and E). These findings, thus, indicated that CD44
plays a key role in the development of fibrosis associated
with TNF-�-induced EMT in vivo.

DISCUSSION

During embryonic development and normal wound healing,
the EMT is tightly regulated by “on” and “off” switches. How-
ever, the balance between the EMT and the reverse transition is
thought to become deregulated in pathological conditions such
as chronic inflammation, favoring the EMT. Cells that have
undergone the EMT under such conditions produce excess
amounts of ECMand aggregate at sites of inflammation, result-
ing in the development of fibrosis (2, 20, 61).
We have now provided evidence from both in vitro and in

vivo models that the proinflammatory cytokine TNF-� plays a
key role in the induction of fibrosis associated with the mesen-
chymal change of RPE cells. EMT-associated fibrosis was, thus,
found to be induced by activation of TGF-� signaling as a result
of HA-CD44-ERM interaction promoted by TNF-� (Fig. 8).
Our findings provide both insight into the mechanism under-
lying the relation between chronic inflammation and the EMT
as well as a basis for the development of new therapeutic strat-
egies to avert fibrotic disorders.
TNF-� Activates TGF-� Signaling for Induction of EMT in

RPE Cells—We studied EAFD formation as an indicator of
EMT-associated fibrotic reactions in RPE cells. The formation
of EAFDs appeared to result from the combination of ECM

FIGURE 6. TNF-�-induced interaction of CD44 with TGF-� receptor II is essential for TGF-�-dependent EMT. A, cells cultured with or without TNF-� for
48 h were subjected to immunofluorescence staining with antibodies to TGF-� receptor II and to CD44. Yellow arrowheads indicate the colocalization of TGF-�
receptor II (TGFBRII) and CD44 in ARPE-19 cells treated with TFN-�. Scale bars, 20 �m. B, cells cultured with or without TFN-� for 48 h and TGF-�2 for the last 15
min were lysed and subjected to immunoprecipitation (IP) with antibodies to TGF-� receptor II or to CD44 or with control IgG. The resulting precipitates as well
as the whole cell lysates were subjected to immunoblot (IB) analysis with antibodies to TGF-� receptor II or to CD44. C, cells cultured with or without TNF-� for
48 h were stained with antibodies to clathrin and to CD44. Yellow arrowheads indicate the colocalization of clathrin and CD44 in ARPE-19 cells treated with
TFN-�. Scale bars, 10 �m. D, cells cultured with or without TNF-� for 48 h were stained with antibodies to caveolin and to CD44. Caveolin did not colocalize to
CD44. Scale bars, 20 �m. E, The ratio of clathrin-positive spots merged with CD44-positive spots was counted after the immunofluorescence staining of ARPE-19
cells treated with or without TNF-�. Data are means � S.D. for cells in three representative fields. *p � 0.05 (Student’s t test). F, lysates of cells transfected with
control or CD44 siRNAs were subjected to immunoblot analysis with antibodies to CD44 or to �-tubulin. G, cells transfected with control or CD44 siRNAs were
incubated in the absence or presence of TNF-�, TGF-�2, or SB431542 for 48 h, after which cell lysates were prepared and subjected to immunoblot analysis with
antibodies to phosphorylated or total forms of Smad2, fibronectin, or �-tubulin. H, cells transfected with control or CD44 siRNAs were incubated in the absence
or presence of both TNF-� and TGF-�2 for 48 h, fixed, and subjected to Giemsa staining for determination of the number of EAFDs. Data are the means � S.D.
for 12 different fields in each of three independent experiments. **, p � 0.01 (Student’s t test). I, cells treated as in H were subjected to immunofluorescence
staining with antibodies to CD44, HA binding protein, and 4�,6-diamidino-2-phenylindole (DAPI, for nuclei). Scale bars, 100 �m.
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overproduction andmigration of the fibroblast-like cells within
the ECM deposit. EAFD formation, thus, provides an in vitro
model of fibrotic disorders. We found that TNF-� or the com-
bination of TNF-� and TGF-�2 induced EAFD formation.

Whereas TGF-�2 alone was able to increase the expression of
certain mesenchymal markers such as fibronectin as well as to
induce small morphologic changes in RPE cells, it was not suf-
ficient to induce EAFD formation. However, we found that
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TNF-� induced TGF-�2 gene expression and that the activa-
tion of TGF-� receptors was essential for TNF-�-induced EMT
and EAFD formation. Persistent stimulation with TNF-�,
which mimics inflammatory conditions, thus appears to acti-
vate TGF-� signaling, leading to fibrotic reactions as a result of
deviation from the balance between the EMT and the reverse
transition.
TNF-� Promotes the Formation of HA�CD44�pERMComplex

through PKC Activation—The ECM component HA and its
biosynthetic enzymes (HASs) have been implicated in the
EMT associated with cardiac development (8) and various
fibrotic disorders. Indeed, our present results show that peri-
cellular interaction between HA and CD44 is necessary for
TNF-�-induced EAFD formation and wound healing in

vitro. However, the mechanism by which HA contributes to
the EMT has remained unknown. We have now shown that
CD44 expression is increased by TNF-� and that subsequent
formation of the membrane-spanning HA�CD44�pERM
complex is required for induction and maintenance of the
EMT.
Activation of PKC was found to be a key step in formation of

the HA�CD44�pERM complex. Previous studies have shown
that TNF-� activates PKC (62) and that PKC activation pro-
motes HA synthesis by HAS (63). We now show that TNF-�
stimulation promotes association of HA with CD44 at the cell
periphery and that this association is accompanied by the inter-
action of CD44 with pERM, in particular with phosphorylated
moesin. Formation of the HA�CD44�pERM complex appears to
promote a switch from cell-cell contact to cell-HA interaction
through remodeling of the actin cytoskeleton. The phosphory-
lation of ERM proteins was mediated by PKC in response to
TNF-� stimulation.Our results, thus, indicate that activation of
PKC by TNF-� promotes the phosphorylation of ERM pro-
teins, facilitating formation of the HA�CD44�pERM complex at
the plasma membrane.
HA�CD44�pERM Complex Is Required for Activation of

TGF-� Signaling—Several lines of evidence provide support
for the notion that TNF-� activates TGF-� signaling by pro-
moting formation of theHA�CD44�pERMcomplex. Clathrin-
dependent internalization of TGF-� receptors into EEA1-
positive endosomes, in which the Smad2 anchor SARA is
enriched, has previously been shown to activate TGF-� sig-
naling (60). In contrast, the caveolin-dependent internaliza-
tion of TGF-� promotes rapid receptor turnover, leading
to inactivation of TGF-� signaling. Our results indicate
that TNF-�-induced formation of the membrane-spanning
HA�CD44�pERM complex resulted in reorganization of the
actin cytoskeleton and promoted the formation of actin
microdomains, which spatially organize signaling molecules
at the membrane. Such CD44-positive microdomains were
associated with TGF-� receptor II and clathrin but not with
caveolin-1. Therefore, the clustering of TGF-� receptors at
actin microdomains may result in activation of TGF-� sig-
naling. It is, thus, possible that cells with preexisting
HA�CD44�pERM complexes may be induced to undergo
EMT-associated fibrotic reactions by TGF-� stimulation
alone (in the absence of TNF-�).

TGF-� is usually released from cells in a latent form that
must be proteolytically processed to yield the biologically active
form. This activation of TGF-� was recently shown to be de-
pendent on CD44 and to be mediated by a matrix metallopro-
teinase (64). Such a mechanism cannot explain our findings

FIGURE 7. TNF-�-induced acquisition of the mesenchymal phenotype mediated by CD44 results in fibrosis in the mouse eye. A, shown is the experi-
mental system for RPE culture. Pieces of the posterior eyecup with the retina removed were flattened (RPE layer down) by Matrigel onto a cell culture insert and
then incubated with culture medium in the lower chamber containing (or not) TNF-� (10 ng/ml) or TGF-�2 (5 ng/ml). B, tissue incubated as in A with or without
TNF-� or TGF-�2 for 3 days was fixed and subjected to immunofluorescence staining with antibody to N-cadherin. Scale bars, 20 �m. C, tissue from wild-type
(WT) or CD44 knock-out (CD44�/�) mouse littermates was incubated as in A in the absence or presence of TNF-� for 7 days, fixed, and subjected to fluorescence
microscopic analysis with HA binding protein and antibody to N-cadherin. Merged images show HA in green and N-cadherin in red. Scale bars, 20 �m. D, TNF-�
or PBS was injected into the subretinal layer of CD44 knock-out (KO) or wild-type mouse littermates. Eyes were enucleated 14 days after injection, fixed, and
embedded in paraffin. Sections were then prepared and stained with hematoxylin-eosin. Areas demarcated by yellow arrows indicate the RPE at the site of the
injection (left panels). R, retina; C, choroid. Scale bars, 80 �m. Higher magnification images of the demarcated areas are shown in the right panels. E, sections of
eyes treated as in D were subjected to immunofluorescence staining with antibodies to �-SMA, N-cadherin, and CD44. Scale bars, 50 �m. WT, wild type.

FIGURE 8. Model of the signaling pathways underlying TNF-�-induced
EMT. TNF-� induces the expression of CD44 and the phosphorylation of
ERM in a manner dependent on PKC activation and thereby promotes
formation of the HA�CD44�pERM complex. This complex then triggers
remodeling of the actin cytoskeleton and the CD44-TGF-� receptor inter-
action, leading to the activation of Smad signaling through TGF-� recep-
tor clustering and EMT induction. Persistent activation of EMT results in
fibrotic disorder.
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with TGF-�, however, because we used the active form of
TGF-�2 in our experiments. CD44may, thus, play dual roles in
the activation of TGF-� signaling by promoting the extracellu-
lar conversion of the latent form of TGF-� to the active form
and by inducing the intracellular activation of the Smad-de-
pendent signaling pathway.
In summary, we have shown that TNF-� and TGF-� co-

operatively induce the EMT and that formation of the
HA�CD44�pERM complex in a manner dependent on PKC
activation is an important step in TNF-� action, leading to
loss of cell-cell contact, changes in cell morphology, and
ECM overproduction. Both our RPE organ culture and
subretinal injection experiments also showed that TNF-�
induces EMT-associated fibrosis in the RPE in a manner
dependent on CD44. The interactions amongHA, CD44, and
ERM proteins, in particular moesin, thus represent potential
targets for the development of new therapeutic agents for the
treatment of EMT-associated pathological states such as
fibrosis and inflammation as well as tumor invasion and
metastasis.
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(2008) Immunity 29, 971–985

58. Jensen, P. V., and Larsson, L. I. (2004) Histochem. Cell Biol. 121, 361–369

59. Bourguignon, L. Y., Singleton, P. A., Zhu, H., and Zhou, B. (2002) J. Biol.
Chem. 277, 39703–39712

60. Di Guglielmo, G.M., Le Roy, C., Goodfellow, A. F., andWrana, J. L. (2003)
Nat. Cell Biol. 5, 410–421

61. Toole, B. P., Zoltan-Jones, A.,Misra, S., andGhatak, S. (2005)Cells Tissues
Organs 179, 66–72

62. Wyatt, T. A., Ito, H., Veys, T. J., and Spurzem, J. R. (1997) Am. J. Physiol.
273, L1007–L1012

63. Anggiansah, C. L., Scott, D., Poli, A., Coleman, P. J., Badrick, E., Mason,
R. M., and Levick, J. R. (2003) J. Physiol. 550, 631–640

64. Acharya, P. S., Majumdar, S., Jacob, M., Hayden, J., Mrass, P., Weninger,
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