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(Background: Wound healing and scarring are driven by transforming growth factor-B1 (TGF-B1)-dependent fibroblast to
Results: Cell surface CD44 and epidermal growth factor receptor (EGFR) co-localize in lipid rafts to signal through mitogen-
activated protein kinase 1/2 (ERK1/2) and Ca*>*/calmodulin kinase IT (CaMKII).

Conclusion: CD44 moves into lipid rafts in a TGF-B1- and hyaluronan-dependent manner, co-localizes with EGFR, and triggers

Significance: This pathway presents novel targets for the therapy of wound-healing and fibrosis.
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Fibroblast to myofibroblast differentiation drives effective
wound healing and is largely regulated by the cytokine trans-
forming growth factor-B1 (TGF-B1). Myofibroblasts express
a-smooth muscle actin and are present in granulation tissue,
where they are responsible for wound contraction. Our previous
studies show that fibroblast differentiation in response to
TGF-B1 is dependent on and mediated by the linear polysaccha-
ride hyaluronan (HA). Both the HA receptor, CD44, and the
epidermal growth factor receptor (EGFR) are involved in this
differentiation response. The aim of this study was to under-
stand the mechanisms linking HA -, CD44-, and EGFR-regulated
TGF-B1-dependent differentiation. CD44 and EGFR co-local-
ization within membrane-bound lipid rafts was necessary for
differentiation, and this triggered downstream mitogen-acti-
vated protein kinase (MAPK/ERK) and Ca*>*/calmodulin kinase
II (CaMKII) activation. We also found that ERK phosphoryla-
tion was upstream of CaMKII phosphorylation, that ERK acti-
vation was necessary for CaMKII signaling, and that both
kinases were essential for differentiation. In addition, HA syn-
thase-2 (HAS2) siRNA attenuated both ERK and CaMKII signal-
ing and sequestration of CD44 into lipid rafts, preventing differ-
entiation. In summary, the data suggest that HAS2-dependent
production of HA facilitates TGF-f1-dependent fibroblast dif-
ferentiation through promoting CD44 interaction with EGFR
held within membrane-bound lipid rafts. This induces MAPK/
ERK, followed by CaMKII activation, leading to differentiation.
This pathway is synergistic with the classical TGF-B1-depen-
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dent SMAD-signaling pathway and may provide a novel oppor-
tunity for intervention in wound healing.

Fibroblasts are considered to be the primary source of the
reparative matrix in all tissues. In response to injury, they pro-
liferate, migrate to the site of injury, and differentiate into their
activated form, myofibroblasts (1-3). Following differentiation,
myofibroblasts acquire an increased contractile ability and are
characterized by the expression of an a-smooth muscle actin
(a-SMA)? positive phenotype (2). In wound healing, these myo-
fibroblasts mediate wound contraction and the formation of a
collagen-rich extracellular matrix (4). Increased activation and
proliferation of resident fibroblasts at the wound edge is there-
fore an important early step that is central to the wound healing
process.

The cytokine, transforming growth factor-g1 (TGF-B1) is a
mediator of tissue repair and wound healing (5- 8) and has also
been widely implicated in progressive tissue fibrosis (9—11). In
addition to its effect on extracellular matrix turnover, TGF-B1
is known to have direct effects on cell phenotype, including the
induction of a contractile phenotype and the up-regulation of
a-SMA both in vitro and in vivo (12, 13). TGF-1, therefore,
drives fibroblast-myofibroblast differentiation, and it has been
previously demonstrated that the matrix polysaccharide hyalu-

3 The abbreviations used are: a-SMA, a-smooth muscle action; EGFR, epider-
mal growth factor receptor; CaMKIl, calcium-calmodulin kinase II; HA, hya-
luronan; HAS2, hyaluronic acid synthase 2; TGF-BRI, transforming growth
factor Breceptorl; FRAP, fluorescent recovery after photobleaching; QPCR,
quantitative PCR; TRITC, tetramethylrhodamine isothiocyanate; ICQ, inten-
sity correlation quotient; Cav-1, caveolin-1; CTX-B, cholera toxin subunit B;
CTX-HRP, cholera toxin subunit B-HRP conjugate; EEA-1, early endosome
antigen 1; GM1, monosialotetrahexosylganglioside; PE-R, phycoerythrin
red.
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ronan (HA) plays a pivotal role in regulating TGF-1 signaling
(14) and TGF-B1-driven responses in fibroblasts (15).

HA is a linear glycosaminoglycan of the extracellular matrix
involved in a range of cellular functions, including cell-cell
adhesion, migration, proliferation, and differentiation, and it
therefore plays an important role in wound healing and tissue
repair (16—21). The biosynthesis of HA is regulated by three
mammalian HA synthase isoenzymes, of which hyaluronan
synthase 2 (HAS2) demonstrates the greatest expression in
fibroblasts (22-25). We have previously shown that as a conse-
quence of myofibroblastic differentiation, a pericellular coat of
HA accumulated around differentiated cells (26). This HA peri-
cellular coat was organized and regulated by the hyaladherin
tumor necrosis factor-stimulated gene-6, and this was essential
for the differentiation process together with the HA cell surface
receptor (CD44) (27). In addition, the response to TGF-B1 was
controlled by altering the levels of HA generated by the fibro-
blasts through overexpression of HAS2 or by blocking HA syn-
thesis. However, the mechanism through which HA regulated
TGEF-B1-dependent differentiation, and thereby potentially
influenced the wound healing response, is not yet fully
understood.

Several studies have indicated that epidermal growth factor
(EGF) enhanced the profibrotic effects of TGF-B1, (28 —31) and
that the transmembrane epidermal growth factor receptor
(EGER) is a key regulator of the response. We have shown that
EGER is an essential receptor in the differentiation and prolif-
eration of fibroblasts, and its interactions with HA and CD44
are required for both cellular responses (32, 33). As fibroblasts
age, they display a resistance to phenotypic activation (15, 22,
23, 34, 35), and we have shown that this is associated with loss of
EGER expression. This resistance was overcome by overexpres-
sion of EGFR with HAS2 (32), confirming that EGFR and HA
are necessary components of the differentiation pathway in
fibroblasts. We propose a model that involves two distinct but
cooperating pathways: 1) TGF-B1/SMAD2-dependent signal-
ing and 2) HA/CD44/EGFR-dependent signaling. In this study,
we investigated the mechanisms underlying the HA-depen-
dent regulation of fibroblast differentiation through CD44-
EGFR and have further investigated the regulation of intra-
cellular signaling pathways. We identified a population of
CD44 in the cell membrane that relocated to EGFR held in
lipid rafts. The CD44/EGFR co-localization induced p42/44
MAPK (ERK1/2) phosphorylation followed by calcium-cal-
modulin kinase II (CaMKII) phosphorylation. The mecha-
nisms described here help to further explain fibroblast to
myofibroblast differentiation.

EXPERIMENTAL PROCEDURES

Materials—All reagents were from Sigma-Aldrich unless
otherwise stated. The primary antibodies and dilutions used for
Western blot analysis were monoclonal mouse anti-EGFR
(1:1000) and monoclonal rat anti-CD44 (1:5000) from Calbi-
ochem; polyclonal rabbit anti-phosphorylated EGFR (dilution
1:5000), polyclonal rabbit anti-ERK1/2 (1:10000), monoclonal
mouse anti-phosphorylated ERK1/ERK2 (1:10,000), polyclonal
rabbit anti-CaMKII (1:5000), monoclonal rabbit anti-phos-
phorylated CaMKII (1:5000), monoclonal rabbit anti-Smad2
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(1:5000), and polyclonal rabbit anti-phosphorylated Smad2
(1:5000) from Cell Signaling Technology, Inc. (Beverly, MA);
and monoclonal mouse anti-TGF-BRI (1:1000) from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA). Reverse transcrip-
tion, small interfering RNA (siRNA) transfection reagents, and
quantitative PCR (QPCR) primers and reagents were pur-
chased from Invitrogen and Applied Biosystems (Cheshire,
UK). Other reagents used were recombinant TGF-S1 from
R&D Systems (Abingdon, UK), nystatin, EGFR inhibitor
AG1478, ERK (MEK) inhibitor PD98059, and CaMKII inhibitor
KN-93 from Calbiochem. Final working inhibitor DMSO con-
centrations were 0.06% (v/v); therefore, DMSO was added to
cultures at 0.06% (v/v) as a solvent control.

Cell Culture—Primary human lung fibroblasts (AG02262;
NIA, National Institutes of Health, Aging Cell Respiratory Cor-
riel Institute) were cultured in Dulbecco’s modified Eagle’s
medium (DMEM) and F-12 medium containing 2 mm L-glu-
tamine, 100 units/ml penicillin, and 100 pg/ml streptomycin
supplemented with 10% fetal calf serum (FCS) (Biological
Industries Ltd., Cumbernauld, UK). The cells were maintained
at 37 °C in a humidified incubator in an atmosphere of 5% CO.,,
and fresh growth medium was added to the cells every 3—4 days
until confluence. Cells were growth-arrested in serum-free
medium for 48 h before use in experiments, and all experiments
were performed under serum-free conditions unless otherwise
stated. All experiments used cells at passages 6—8 and were
performed on confluent cultures except for those experiments
using antibody visualization, in which cells of ~70% confluence
were used for optimal antibody coverage. Myofibroblasts were
differentiated by incubation of fibroblast cultures in serum-free
medium containing 10 ng/ml TGF-1 for 72 h. For lipid raft
disruption, fibroblast cultures were incubated in medium con-
taining 50 ug/ml nystatin for 1 h prior to further experimenta-
tion. This was confirmed by using 10 um methyl-B-cyclodex-
trin in place of nystatin. To inhibit EGFR signaling, 10 um
AG1478 was used for 1-h pretreatments before further experi-
mentation. The HA-pericellular coat was removed by incubat-
ing 1 unit of Streptomyces hyaluronidase or 100 ug/ml bovine
testicular hyaluronidase (positive control) with differentiated
myofibroblasts for 1 h before sample analysis.

Laser Confocal Microscopy and Fluorescence Recovery after
Photobleaching (FRAP)—Cells were grown to 70% confluence
on 22-mm diameter glass coverslips in 35-mm dishes. Follow-
ing appropriate experimental methods, the coverslip was
removed from the medium and mounted on a heated micro-
scope stage at 37 °C. 500 pl of medium was placed onto the
mounted coverslip, and primary fluorophore-conjugated anti-
bodies/ligands were added (rat monoclonal anti-CD44 FITC/
phycoerythrin red-conjugated antibody (dilution 1:500; Abcam
(Cambridge, UK)); mouse monoclonal anti-EGFR FITC-conju-
gated antibody (1:500 dilution; Abcam); cholera toxin subunit B
TRITC conjugate (1:500 dilution; Invitrogen)). Analysis was
performed by laser confocal microscopy and FRAP.

Co-localization data were analyzed using Image] (National
Institutes of Health) and intensity correlation analysis, includ-
ing the following statistical tests: Mander’s co-localization coef-
ficient (percentage of FITC co-localization with TRITC), Pear-
son’s correlation coefficient (Rr) (where perfect correlation =
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1); and the intensity correlation quotient (ICQ), where with
random staining ICQ = ~0, and for dependent staining, 0 <
ICQ = +0.5 (36).

Leica confocal software (Leica Microsystems, Hamburg,
Germany) was used to assess FRAP data and generate fluores-
cence intensity ratios (F,/F,, where F, is the intensity of the
photobleached zone and F, is the intensity of the control region
taken from outside of the photobleached zone). Average diffu-
sion constants (D) were calculated from the equation, D = (w?/
2t,)Yp Where w is the radius of the photobleached area, #y, is
the half-time of fluorescent recovery, and vy, is a constant that is
dependent on experimental conditions (37). Mobile fractions
represent the fraction of receptors that had the ability to
recover into the photobleached zone over the observed time.

Immunoprecipitation—Cells were grown to confluence in
35-mm dishes, and total cellular protein was extracted in radio-
immune precipitation assay lysis buffer containing 1% protease
inhibitor mixture, 1% PMSF, and 1% sodium orthovanadate
(Santa Cruz Biotechnology, Inc.), as described previously (32).
Cell protein samples were incubated with anti-EGFR antibody-
conjugated Magnabind beads (Thermo Scientific Pierce) over-
night at 4 °C. Following three washes with Nonidet P-40 buffer,
the beads were resuspended in PBS and transferred to clean
microcentrifuge tubes. The bead-antibody-protein complex
was boiled with reducing buffer for 5 min before the superna-
tant was transferred into gel lanes for SDS-PAGE. Western
blotting with rat anti-CD44 primary antibody was used for fur-
ther analysis. The specificity of immunoprecipitation was con-
firmed by negative control reactions performed with mouse
serum IgG.

Western Blot Analysis—Western blot analysis was used to
assess expression of total and phosphorylated EGFR, CD44,
total and phosphorylated ERK1 and ERK2 (p44/p42), total and
phosphorylated CaMKI], total and phosphorylated Smad2, and
TGE-BRI. Cells were grown to confluence in 35-mm dishes;
total protein was extracted in radioimmune precipitation assay
lysis buffer containing 1% protease inhibitor mixture, 1%
PMSF, and 1% sodium orthovanadate (Santa Cruz Biotechnol-
ogy, Inc.). Western blot analysis was carried out as described in
our previous work (32). The nitrocellulose membranes were
incubated with the appropriate primary antibodies in 1% BSA,
0.1% Tween-PBS. Where necessary, expression of GAPDH was
analyzed as a control to ensure equal loading (rabbit anti-
GAPDH; 1:5000 dilution). The secondary antibodies used were
anti-mouse IgG/horseradish peroxidase conjugate (Abcam)
(1:5000 dilution in 1% BSA, 0.1% Tween-PBS), anti-rabbit IgG/
horseradish peroxidase conjugate (Cell Signaling Technology,
Beverly, MA) (1:5000 dilution in 1% BSA, 0.1% Tween-PBS), and
anti-rat IgG/horseradish peroxidase conjugate (Santa Cruz Bio-
technology, Inc.) (1:5000 dilution in 1% BSA, 0.1% Tween-PBS).
Detection was performed using ECL reagent (GE Healthcare).

SiRNA Transfection—Transient transfection of fibroblasts
was performed with specific siRNA nucleotides targeting CD44
(ID 4390824, Applied Biosystems) and HAS2 (ID 4392420,
Applied Biosystems). Transfection was performed in 35-mm
dishes using Lipofectamine 2000 transfection reagent (Invitro-
gen) in accordance with the manufacturer’s protocol as
described in our previous work (32). As a control, cells were
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FIGURE 1. EGFR and CD44 co-localization following myofibroblast differ-
entiation. A, cells were grown to 70% confluent monolayers and were
growth-arrested for 48 h. Cells were then incubated in serum-free medium
alone (fibroblasts) or in medium containing 10 ng/ml TGF-B1 for 72 h (myo-
fibroblasts). The expression of EGFR (green; FITC) and CD44 (red; phycoeryth-
rin red (PE-R)) was examined by confocal laser microscopy; areas of co-local-
ization are shown in the merged images (yellow; enlarged images shown in
blue boxes). Images shown are a representation of five independent experi-
ments. Original magnification was X630. B, co-localization of EGFR and CD44
was analyzed by immunoprecipitation (/P) for EGFR followed by immunoblot-
ting for CD44. The image shown is representative of three individual experi-
ments. C, Western blot analysis of total CD44 protein in fibroblasts and myo-
fibroblasts. GAPDH was used as a loading control. A representative blot is
shown. The densitometry graph shown represents mean = S.E. (error bars) of
three individual experiments. N/S, no significance.

transfected with negative control siRNA (a scrambled sequence
that bore no homology to the human genome) (Applied
Biosystems).

Reverse Transcription (RT) and Real-time QPCR—RT and
real-time QPCR were used to assess a-SMA, CD44, and HAS2
mRNA expression in fibroblasts or myofibroblasts. The cells
were grown in 35-mm dishes and washed with PBS prior to lysis
with TRI Reagent solution (Ambion) and RNA purification
according to the manufacturer’s protocol. Reverse transcrip-
tion was performed using high capacity cDNA reverse tran-
scription kits according to the manufacturer’s protocol
(Applied Biosystems). This uses the random primer method for
initiating cDNA synthesis. As a negative control, RT was per-
formed with sterile H,O replacing the RNA sample. QPCR was
performed as in our previous studies (32) using the 7900HT
Fast Real Time PCR System (Applied Biosystems).

Biochemical Isolation of Lipid Rafts—All procedures were
carried out on ice. Fibroblast or myofibroblasts monolayers
were washed twice with ice-cold PBS, and cells from two
35-mm confluent dishes were then scraped into 1 ml of ice-cold
lysis buffer containing 1% Triton X-100 and 1% protease inhib-
itor mixture (Sigma-Aldrich). Samples were vortexed thor-
oughly and left to incubate on ice for 30 min before centrifuga-
tion (1500 X gfor 5 min at 4 °C). The sample supernatants were
placed at the bottom of a 5-ml ultracentrifuge tube. Discontin-
uous OptiPrep gradients (35-20% and 0%) (Sigma-Aldrich)
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FIGURE 2. The effect of EGFR and CD44 expression and signaling on cellular phenotype. A, fibroblasts were transfected with a scrambled siRNA sequence
or siRNA targeting CD44 prior to treatments with or without AG1478 for 1 h before TGF-B1 for 72 h. Phosphorylation of EGFR and ERK1/2 was analyzed by
Western blotting. Total EGFR and ERK1/2 proteins were used as loading controls. The image shown is representative of three independent experiments. B,
densitometric analysis of phosphorylated EGFR (p-EGFR) normalized to total EGFR. The graph shows results = S.E. (error bars) of three independent experi-
ments. C, densitometric analysis of phosphorylated ERK1/2 (p-ERK1/2) normalized to total ERK1/2. The graph shows mean = S.E. of three independent
experiments. D, QPCR was used to confirm CD44 mRNA knockdown by siCD44. Results shown are mean = S.E. of three individual experiments. E, QPCR was
used to analyze a-SMA mRNA following siCD44 and AG1478 cellular treatments. Results shown are mean = S.E. of three individual experiments. **, p < 0.01.

were made according to the manufacturer’s protocol and added
to the ultracentrifuge tube containing the sample by overlaying.
The gradients were centrifuged at 200,000 X g for 14 h with 2 h
of gentle acceleration and deceleration on either side in an
Optima-Max ultracentrifuge (Beckman Coulter). Centrifuga-
tion time was sufficient to gain a continuous gradient, from
which 10 500-ul fractions were carefully collected, starting
from the top of each tube.

Fraction Analysis—The collected fractions were subjected to
SDS-PAGE and transferred to a nitrocellulose membrane for
Western blot analysis as described above. The presence of pro-
teins of interest was examined by specific antibodies. The pres-
ence of caveolin-1 (Cav-1) and EEA-1 were used to determine
whether the fraction represented lipid raft or non-raft proteins,
respectively. Following transfer of proteins to the nitrocellulose

“BSEpEN
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membrane, the membrane was blocked with 5% nonfat pow-
dered milk in 0.5% Tween-PBS for 1 h and then incubated with
rabbit anti-Cav-1 (dilution 1:500; Sigma-Aldrich) or mouse
anti-EEA-1 (dilution 1:5000; Cell Signaling Technology) in 1%
BSA, 0.1% Tween-PBS at 4 °C overnight. The blots were subse-
quently washed with 0.1% Tween-PBS and then incubated with
the appropriate secondary antibody and visualized using ECL
reagent (GE Healthcare). Cholera toxin subunit B-HRP conju-
gate (CTX-HRP) (dilution 1:500; Sigma-Aldrich) was incu-
bated with cell monolayers on ice for 1 h prior to lysis. CTX-
HRP-bound samples were used for dot blot analysis to confirm
the presence of lipid rafts. 5 ul of each fraction was pipetted
onto a prewashed nitrocellulose membrane and allowed to dry,
and the membrane was washed briefly with PBS and visualized
with ECL reagent (GE Healthcare).
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FIGURE 3. Mobility of EGFR and CD44 in fibroblasts and myofibroblasts. A, sample time lapse series of FRAP experiments. Original magnification was X630.
Fibroblasts or myofibroblasts were grown to 70% confluent monolayers on 22-mm diameter glass coverslips in 35-mm 6-well tissue culture plates. Cells were
growth-arrested in serum-free medium for 48 h. FRAP was performed at 37 °C by photobleaching an ~10-um area of the cell membrane (indicated by white
boxes on the bright field images). The recovery of fluorescence into this area (indicated by white arrows) was quantified and expressed as a fraction of the
fluorescence intensity (F/) of a second region of membrane outside of the photobleached area (FI Ratio). Complete quantified time courses, average diffusion
constants (D), and mobile fractions (MF) are shown for EGFR in fibroblasts (B), CD44 in fibroblasts (C), EGFR in myofibroblasts (D), and CD44 in myofibroblasts
(E). All results shown are representative of five independent experiments. Statistics shown are mean = S.E. (error bars) of five independent experiments.

Flow Cytometry—Fibroblasts were grown to confluence and
growth-arrested in serum-free medium for 48 h before treat-
ment with serum-free medium alone or serum-free medium
containing 10 ng/ml TGF-B1 for 72 h. Where necessary, cells
were pretreated with 50 ug/ml nystatin for 1 h. Cells were
washed with PBS and incubated with 0.01% trypsin-EDTA to
lift the cells. Trypsin was subsequently neutralized with FCS,
and the cell solution was centrifuged at 1500 X g for 5 min at
20 °C. The supernatant was aspirated, and the cell pellet was
resuspended in 1% BSA-PBS containing rabbit anti-Cav-1 anti-
body (1:10,000) (Sigma-Aldrich), followed by 30 min of incuba-
tion with 1% BSA-PBS containing anti-rabbit-FITC (1:10,000)
(Calbiochem) on ice, before further washes and resuspension.
Flow cytometry was performed using a FACSCanto II flow
cytometer (BD Biosciences), and data were analyzed using
Flow]Jo version 7 (Tree Star).
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Immunocytochemistry—Cells were grown to 70% confluence
in 8-well glass chamber slides. The culture medium was
removed, and the cells were washed with sterile PBS prior to
fixation in 4% paraformaldehyde for 10 min at room tempera-
ture. To ensure visualization of cytoskeletal proteins, fixed
slides were permeabilized with 0.1% Triton X-100 in PBS for 10
min when necessary. Slides were washed with PBS and then
blocked with 1% BSA for 30 min prior to a further washing step.
Subsequently, the slides were incubated with the primary antibody
diluted in 0.1% BSA-PBS overnight at 4 °C (rat monoclonal anti-
CD44 antibody (A020, 1:200 dilution; Calbiochem), monoclonal
mouse anti-EGFR antibody (GRO1, 1:30 dilution; Calbiochem),
and monoclonal mouse anti-a-SMA antibody (1:25 dilution;
DAKO, Aachen, Germany)). Following a further wash step, slides
were incubated with secondary antibodies for 1 h at room temper-
ature in darkness (anti-mouse IgG/AlexaFluor 488 and anti-rat
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FIGURE 4. EGFR is associated with cholesterol-rich lipid raft domains of the cell membrane. Fibroblasts or myofibroblasts were grown to 70% confluent
monolayers on 22-mm diameter glass coverslips in 35-mm 6-well tissue culture plates. Cells were growth-arrested in serum-free medium for 48 h before
mounting onto a heated stage (37 °C), and 500 ul of fresh medium was applied for complete cell coverage. The expression of EGFR (green; FITC) and CTX-B
binding (red; TRITC) (A) and CD44 (green; FITC) and CTX-B binding (red; TRITC) (B) was examined by confocal laser microscopy; areas of co-localization are shown
in the merged images (yellow). Areas of CTX-B binding with EGFR are marked by white arrows. Sample images shown are representative of five individual
experiments. Original magnification was X630. C, cells were pretreated with nystatin (50 ng/ml) or methyl-B-cyclodextrin (MBCD) (10 mm) for 1 h prior to incubation
with serum-free medium alone (fibroblasts) or serum-free medium containing TGF-B1 (10 ng/ml) for 72 h (myofibroblasts). Cells were then examined by confocal laser
microscopy for EGFR or CD44 expression (green; FITC) and CTX-B binding (red; TRITC). White arrows indicate areas of EGFR or CD44 expression without CTX-B binding.
Images shown are representative of three individual experiments. Original magnification was X630. D, graphs displaying the percentage of co-localization of FITC
(EGFR/CDA44) with TRITC (CTX-B) (Mander’s co-localization coefficient). Statistical analysis includes the average Pearson’s correlation coefficient (Rr) and the ICQ for

each experimental condition. Results shown are mean =+ S.E. of three independent experiments. **, p < 0.01.

IgG/AlexaFluor 555; Invitrogen, Paisley, UK). Cells were then
mounted and analyzed by fluorescent microscopy.

Statistical Analysis—Western blot images were densito-
metrically analyzed by Image] (National Institutes of Health).
Graphical data are expressed as averages * S.E. The unpaired
two-tailed Student’s £ test was used to identify statistical signif-
icance. Data were analyzed using the software MiniTab version
15.0 (MiniTab Solutions). Significance was as follows: *, p <
0.05; **, p < 0.01.

RESULTS

TGF-B1-dependent Differentiation in Fibroblasts Is Medi-
ated through the HA Receptor, CD44, and Its Co-localization
with EGFR—Expression of EGFR and CD44 in fibroblasts and
the changes associated with TGF-B1-dependent differentiation

MAY 24,2013 -VOLUME 288-NUMBER 21

were assessed by confocal laser scanning microscopy (Fig. 14).
Both receptors were expressed in fibroblasts with strong inde-
pendent staining along the cell membrane. Following TGF-1-
induced differentiation to myofibroblasts, however, CD44 (red)
expression was found in areas of co-localization with EGFR
(green) visible as yellow (merged). Following lysis of myofibro-
blasts, CD44 was found to co-immunoprecipitate with EGFR
(Fig. 1B). Potential changes in the expression of total CD44
receptor protein were examined, and no significant changes
were found (Fig. 1C). Both transfection of siRNA, targeting
CD44 (siCD44), and treatment with the chemical inhibitor of
EGER activation, AG1748, inhibited phosphorylation of EGFR
and of the downstream signaling proteins, ERK1/2 (Fig. 2,
A-C).CD44 knockdown was confirmed by QPCR (Fig. 2D), and
the affect of each treatment on differentiation was assessed by
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FIGURE 5. EGFRis found in fractions positive for Cav-1 and CTX and in fractions containing CD44 following cellular differentiation. Cells were grown to
confluence and were growth-arrested for 48 h. Cells were incubated in serum-free medium alone (fibroblasts) (A) or serum-free medium containing 10 ng/ml
TGF-B1 (B) for 72 h (myofibroblasts). Cellular membrane preparations were separated in a discontinuous OptiPrep gradient by ultracentrifugation. Fractions
were analyzed for the presence of EGFR and CD44. Cav-1 was used to detect fractions positive for lipid rafts, and EEA-1 was used for non-raft fractions. Lipid raft
fractions were confirmed using CTX-HRP dot blots for each fraction. Positive and negative control dot blots were used to confirm the specificity of CTX-HRP. C,
quantification of the percentage of EGFR and CD44 found within lipid raft fractions 5 and 6 in fibroblasts and myofibroblasts. Results shown are mean = S.E.
(error bars) of three independent experiments. D, flow cytometry analysis of cell surface expression of Cav-1 in fibroblasts and myofibroblasts. Unlabeled cells were
used as intensity controls. The bar graph of relative intensity shown represents mean = S.E. of three individual experiments. N/S, no significance; **, p < 0.01.

QPCR (Fig. 2E). These data highlight the importance of both  fibroblasts, EGFR was bound in clusters within discrete areas of
EGEFR and CD44 and their active roles in the differentiationand the cell membrane (Fig. 34) and did not diffuse into the
signaling response. bleached zone (Fig. 3B). CD44, however, diffused rapidly (<100

FRAP was used to investigate receptor dynamics in the s)into thearea of bleaching (Fig. 3, A and C). In myofibroblasts,
plasma membrane of fibroblasts and myofibroblasts (Fig. 3). In  EGFR was also found in static membrane domains (Fig. 3D). In
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individual experiments. **, p < 0.01.

contrast to fibroblasts, however, CD44 on the surface of myo-
fibroblasts had a reduced mobility, with a diffusion constant of
only 10% of that in fibroblasts (Fig. 3E). The mobile fraction of
CD44 receptors was also reduced from ~60% in fibroblasts to
15% in myofibroblasts. These results suggest that the loss of
CD44 mobility in the membrane may be an important factor in
the mechanism of myofibroblast induction.

EGFR Is Localized to Cholesterol-rich Membrane-bound
Lipid Raft Domains in Fibroblasts, and Co-localization with
CD44 at These Domains Is Necessary for Differentiation—EGFR
has been found previously in lipid rafts in tumor cells and neu-
ronal cells (38, 39). To investigate whether it was also located in
rafts in primary human fibroblasts, we used laser confocal
microscopy with the cholera toxin subunit-B (CTX-B)-TRITC
conjugate, which binds GM1-containing, cholesterol-rich
regions of the cell membrane (Fig. 4). Fig. 44 indicates that in
fibroblasts, wherever EGFR was located, there were also choles-
terol-rich domains containing CTX-B (yellow merged images).
In contrast, CTX-B and CD44 had large areas of no co-localiza-
tion with a few discrete areas of co-localization observed, as can
be seen in the merged images. In myofibroblasts (Fig. 4B), there
was also co-localization of EGFR with CTX-B at the cell surface,
although EGER binding was not exclusively found in all areas
positive for CTX-B (white arrows). In contrast to fibroblasts,
however, CD44 on myofibroblasts was highly co-localized to
areas positive for CTX-B (merged panel).

MAY 24,2013 -VOLUME 288-NUMBER 21

To confirm the involvement of lipid rafts, both nystatin and
methyl-B-cyclodextrin were used independently (Fig. 4C) to dis-
rupt rafts. Following incubation of myofibroblasts with either
compound, the co-localization of both EGFR and CD44 with
CTX-B was reduced. EGFR or CD44 expression was visible in
areas devoid of CTX-B binding (indicated by white arrows). A
summary of results from three independent experiments showing
the degree of co-localization and the ICQ is shown in Fig. 4D.
These data indicate that there was a 4 —5-fold decrease in EGFR
association with CTX-B following nystatin treatment before the
addition of TGF-B1. They also demonstrate a 3-fold increase in
CD44 association with CTX-B following myofibroblastic induc-
tion with TGF-B1, which is lost in cells pretreated with nystatin.

To further test the hypothesis that lipid rafts serve as the
primary location of EGER and co-localization with CD44 fol-
lowing differentiation, lipid rafts were biochemically isolated by
ultracentrifugation, and the collected fractions were examined
for the lipid raft markers Cav-1 and CTX-HRP. EEA-1 was used
to determine non-raft regions of the cell membrane. In fibro-
blasts, EGFR was primarily found in lipid raft domains (Cav-1/
CTXB-positive fractions; fraction 5 and 6) and CD44 in non-
raft regions (EEA-1-positive fractions; fractions 8-10) (Fig.
5A). In differentiated myofibroblasts, a proportion of CD44 was
found to move into the fractions positive for lipid raft markers,
demonstrating that CD44 existed in two populations, within
and outside lipid raft regions (Fig. 5B). The quantification of
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receptors in lipid raft fractions (Fig. 5C) indicated that the
quantity of EGFR found in lipid raft fractions did not alter sig-
nificantly between cellular phenotypes. The presence of CD44
in lipid raft fractions significantly increased from ~10% to
more than 40% following differentiation. Cellular expression of
Cav-1 (Fig. 5D) had no significant change between fibroblasts
and myofibroblasts, signifying that the increase of CD44
directed toward lipid raft fractions was a primary change as a
result of differentiation and not a consequence of an increased
generation of Cav-1-positive rafts.

To investigate the degree to which lipid rafts were involved in
the mechanism controlling myofibroblast induction, a-SMA
expression was assessed by immunocytochemistry (Fig. 6A4).
a-SMA was markedly down-regulated in cells pretreated with
nystatin. QPCR (Fig. 6B) demonstrated that this was also a tran-
scriptional effect on a-SMA mRNA. Co-localization of EGFR
and CD44 in fibroblasts pretreated with nystatin before the
induction of differentiation with TGF-B1 was prevented, indi-
cating that lipid rafts were key locations of the EGFR-CD44
association (Fig. 6C). Statistical analysis showed a decrease in
CD44 co-localization with EGFR in myofibroblasts from 70% to
~10% if cells were pretreated with nystatin (Fig. 6D). Flow
cytometry and Western blot analysis showed that nystatin
treatment did not alter the expression or total protein levels of
either EGFR or CD44 (data not shown). These results support
the importance of lipid rafts in the TGF-B1-dependent differ-
entiation pathway.

TGF-B1 Induces ERK and CaMKII Phosphorylation—DPrevi-
ous research has shown that mitogen-activated protein kinases
1 and 2 (ERK1/2) are involved in the differentiation and prolif-
eration of various cell types (33, 40 —43). Western blotting was
used to assess the degree of phosphorylation of these kinases
following incubation with TGF-B1 (Fig. 7, A and B). Fig. 7A
shows the characteristic biphasic phosphorylation of ERK1/2,
peaking at 10 min and again at 3 h after the addition of TGF-£1.

CaMKII is a kinase that is involved in cytoskeletal remodel-
ing and the differentiation response (44, 45). Western blotting
for phosphorylated CaMKII (Fig. 7B) showed that CaMKII was
also activated, and its phosphorylation had a biphasic time-de-
pendent activation similar to ERK phosphorylation, implicat-
ing CaMKII in the TGF-B1-dependent signaling pathways
involved in myofibroblast differentiation. Both ERK1/2 and
CaMKII phosphorylation did not fluctuate over the 3 h if cells
remained in serum-free conditions (data not shown).

We next examined whether ERK and CaMKII activation
were independent of each other using the chemical inhibitor of
ERK phosphorylation, PD98059, and the chemical inhibitor of
CaMKII, KN-93. PD98059 inhibited ERK activation (Fig. 7C)

following TGF-B1 stimulation, attenuating both peaks of the
biphasic activation profile. Similarly, KN-93 attenuated both
peaks of CaMKII activation (Fig. 7D) as expected. In addition,
KN-93 had no effect on ERK1/2 signaling, and the biphasic
activation was retained (Fig. 7E). Interestingly, PD98059 inhib-
ited CaMKII phosphorylation (Fig. 7F), suggesting that ERK
activation was a necessary upstream mediator of CaMKII acti-
vation. Because CaMKII activation was abolished following
incubation with the chemical inhibitor of ERK1/2, the results
shown here suggest that following the addition of TGF-81, ERK
is activated first, leading to the downstream activation of
CaMKII.

EGFR-CD44 Co-localization in Lipid Rafts Is Responsible for
Early Differentiation Signaling, and Disruption of Lipid Rafts
Inhibits the Early Signaling of the EGFR-ERK1/2-CaMKII
Pathway—To confirm that it was raft-associated co-localiza-
tion that was responsible for the induction of ERK and CaMKI],
nystatin was used to disrupt lipid rafts, and then Western blot-
ting was used to examine the phosphorylation of EGFR,
ERK1/2, and CaMKII (Fig. 8). Nystatin inhibited the early sig-
naling phase of TGF-B1-dependent EGFR (Fig. 84), ERK (Fig.
8B), and CaMKII (Fig. 8C) phosphorylation without affecting
the late activation phase of either kinase. The loss of the early
ERK and CaMKII signaling phases and the fibroblast resistance
to differentiation following nystatin treatment confirmed that
the early signaling phase was primarily responsible for the ini-
tiation of fibroblast to myofibroblast differentiation, as
reported previously (33), and that it was initiated in lipid rafts.
Additionally, the expression of TGF-BRI and the activation of
the Smad2 pathway remained unaffected by nystatin treatment
(data not shown).

HAS2-regulated HA Synthesis Is a Key Mediator of TGF-B1-
dependent Mpyofibroblast Differentiation and Proliferation—
HAS?2 is the enzyme primarily responsible for up-regulation of
HA synthesis in fibroblasts following TGF-f1-induced differ-
entiation to myofibroblasts (22-25). We have previously shown
that HAS2 is an important mediator of differentiation in fibro-
blasts (32, 33). Here we confirm that transfection with siRNA
targeting HAS2 (siHAS2) was sufficient to knock down HAS2
mRNA expression (Fig. 94) and prevent a-SMA up-regulation
(Fig. 9B). CD44 co-immunoprecipitation with EGFR was also
prevented following siHAS2 transfection (Fig. 9C). We sought
to determine whether HA production by HAS2 was a direct
regulator of the ERK and CaMKII intracellular signaling path-
ways leading to phenotypic change. Cells were transfected with
siHAS2 or scrambled siRNA, and protein phosphorylation was
assessed by Western blotting. When stimulated with TGF-$1,
the fibroblasts transfected with siHAS2 had attenuation of

FIGURE 7. TGF-B1 induces phosphorylation of both ERK and CaMKII, and ERK phosphorylation is an upstream regulator of CaMKIl phosphorylation.
Confluent monolayers of fibroblasts were growth-arrested in serum-free medium for 48 h. Subsequently, they were incubated with 10 ng/ml TGF-B1 for up to
3 h, and phosphorylation of ERK1/2 (A) and CaMKII (B) proteins was assessed by Western blot analysis at the indicated times. Western blot analysis for the
appropriate total proteins was performed to ensure equal loading of protein samples. Following scanning densitometry, phosphorylated ERK1/2 and CaMKII
expression was corrected for the expression of total ERK1/2 and CaMKII protein, respectively, and is shown as mean = S.E. of three separate experiments. Cells
were incubated with 10 um MEK/ERK inhibitor PD98059 (+) or left untreated (—) (Cand F) or incubated with 10 um CaMKll inhibitor KN-93 (+) with the inactive
isomer KN-92 (—) as a control (D and E) for 1 h before incubation with 10 ng/ml TGF-B1 for up to 3 h. Phosphorylation of ERK1/2 (Cand E) and CaMKII (D and F)
proteins was assessed by Western blot analysis at the indicated times. Western blot analysis for the appropriate total proteins was performed to ensure equal
loading of protein samples. Following scanning densitometry, alteration in phosphorylated ERK1/2 and CaMKIl expression was corrected for the expression of
total ERK1/2 and CaMKIl protein, respectively. Representative blots of three independent experiments are shown, and densitometry graphs show mean = S.E.

of three separate experiments. ¥, p < 0.05; **, p < 0.01.
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FIGURE 8. Disruption of lipid rafts inhibits early EGFR, ERK, and CaMKiII
phosphorylation. Confluent monolayers of fibroblasts were growth-ar-
rested in serum-free medium for 48 h. Subsequently, cells were incubated
with (+) or without (=) 50 wg/ml nystatin for 1 h before incubation with 10
ng/ml TGF-B1 for up to 3 h. A, phosphorylation of EGFR (p-EGFR) was assessed
by Western blot analysis at the indicated times. Western blot analysis for total
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EGER (Fig. 9D), ERK (Fig. 9E), and CaMKII (Fig. 9F) activation.
In addition, both the early and late peaks of the biphasic signal-
ing pattern were lost. The loss of early ERK and CaMKII phos-
phorylation peaks supports previous studies, which have shown
that HAS2 impairment in aged cells inhibits fibroblast differen-
tiation (32). In addition, the attenuation of the late phosphory-
lation peaks supports previous findings highlighting HAS2 and
HA as necessary mediators of fibroblast proliferation (33). To
determine whether cell surface HA was necessary for CD44
co-localization with EGFR and membrane dynamics and
behavior, confocal microscopy and FRAP analysis were used
following hyaluronidase treatment (Fig. 10). Interestingly,
CD44 co-localization with EGFR was partially lost following
hyaluronidase treatment (Fig. 10, A and B). CD44 movement
was restored in myofibroblasts incubated with hyaluronidase
from both Streptomyces (S) and bovine testicular (BT) sources
(Fig. 10, C-E); however, the mobile fraction indicated that hy-
aluronidase alone was not sufficient to restore mobility to the
levels observed in fibroblasts. These data suggest that HAS2
production of the HA-pericellular coat was partly responsible
for the sequestration and anchoring of CD44 into lipid raft
domains, where it co-localizes with EGFR and enables the
resulting differentiation signaling response.

DISCUSSION

This study provides insights into the mechanisms controlling
TGE-B1-dependent differentiation of fibroblasts to myofibro-
blasts, through the interaction of CD44 with EGFR in lipid rafts.
The HA receptor CD44 can function as a co-receptor, physi-
cally associating with several membrane-bound proteins,
resulting in modulation of intracellular signal transduction
pathways and facilitating the formation of specialized signaling
complexes (46,47). In light of these reports, we sought to deter-
mine if a similar system operated during myofibroblast differ-
entiation. The data reported here support our previous reports,
where, following TGF-1 stimulated differentiation, CD44 and
EGEFR co-localized in dermal fibroblasts (32) and also in oral
fibroblasts but only if in a HA-rich environment (33).

The results reported here illustrate that EGFR was held
static, at discrete, membrane-bound sites, whereas CD44 was
free to diffuse within the plasma membrane. Following TGEF-
Bl-induced differentiation, EGFR remained static, whereas the
ability of CD44 to diffuse freely was attenuated as it became
co-localized with EGFR. Further examination of the localiza-
tion of EGFR revealed that in both fibroblasts and myofibro-
blasts, EGFR was associated and co-localized with areas of high
cholesterol content, otherwise known as cholesterol-rich
microdomains or lipid rafts (48). These findings supported pre-
vious reports of EGFR being bound in lipid raft domains in

EGFR protein was performed to ensure equal loading of protein samples. The
densitometry graph shows mean =+ S.E. of three individual experiments. B,
phosphorylation of ERK1/2 (p-ERK1/2) was assessed. Western blot analysis for
total ERK1/2 protein was performed to ensure equal loading of protein sam-
ples. The densitometry graph shows mean = S.E. (error bars) of three individ-
ual experiments. C, phosphorylation of CaMKIl (p-CaMKIl) was assessed. West-
ern blot analysis for total CaMKIl protein was performed to ensure equal
loading of protein samples. The densitometry graph shows mean = S.E. of
three individual experiments. All blots shown are representative of three sep-
arate experiments. *, p < 0.05; **, p < 0.01.
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FIGURE 9. HAS2-produced HA is required for CD44 and EGFR co-localization and subsequent signaling. Fibroblasts were grown to 70% confluence and
were growth-arrested in serum-free medium for 24 h. Subsequently, cells were transfected with scrambled siRNA (control) or HAS2 siRNA for 24 h before
incubation with 10 ng/ml TGF-B1 for up to 72 h. A, QPCR analysis to confirm knockdown of HAS2 mRNA. Data shown are mean = S.E. (error bars) of three
individual experiments. B, QPCR was used to examine a-SMA mRNA expression. Data shown are mean = S.E. of three individual experiments. C, immunopre-
cipitation (IP) of EGFR followed by immunoblotting of CD44. The image shown is representative of three separate experiments. D, Western blot analysis of
phosphorylated (p-EGFR) and total EGFR at the indicated times and corrected densitometry graph. E, Western blot analysis of phosphorylated (p-ERK1/2) and
total ERK1/2 at the indicated times and corrected densitometry graph. F, Western blot analysis of phosphorylated (p-CaMKIl) and total CaMKll at the indicated
times and corrected densitometry graph. All blots shown are representative of three separate experiments, and all densitometry graphs show mean = S.E. of

three separate experiments. **, p < 0.01.

other cell systems (49) and of lipid rafts as regulators of EGFR
and other receptors (50, 51, 52). CD44 was found to co-localize
with lipid raft domains after differentiation of fibroblasts to
myofibroblasts, supporting the hypothesis that CD44 relocal-
ization to lipid rafts containing EGFR was implicated in the
differentiation pathway. Co-localization of EGFR and CD44
was lost when lipid rafts were disrupted, and these data indicate
fibroblast lipid rafts as the areas where EGFR aggregated and to
which CD44 moved, associating with EGFR during phenotypic
change. The disruption of lipid rafts also resulted in prevention
of a-SMA up-regulation following TGF-B1-induced differenti-
ation of fibroblasts at both mRNA and protein levels, antago-
nizing the induction of myofibroblasts. The data reported here
suggest that lipid rafts are essential structures for accommoda-
tion of EGFR-CD44 complexes and the subsequent differenti-
ation signaling. Because CD44 motility was reduced but not
completely abolished in myofibroblasts and was also found in
membrane fractions positive for EEA-1, it can be concluded
that CD44 is present in multiple regions of fibroblasts and myo-
fibroblasts and indeed the cellular membrane. This coincides
with previously published data that show CD44 as being bound
to the cell cytoskeleton (44) and able to move to membrane-
bound lipid rafts (53) and co-localize with other proteins (40,
44, 46), contributing to its repertoire of roles and cellular
functions.

It is well known that TGF-B1 can induce activation of the
MAPK/ERK signaling pathway. Several studies have proposed a
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contributory role of MAPK/ERK signaling in the promotion of
the fibrotic response (54, 55) and have also shown that ERK1/2
activation is required for TGF-B1-driven proliferation in both
oral and dermal fibroblasts (33). The results shown here con-
firm that there is a two-peak or “biphasic” activation profile of
ERK1/2, dubbed the early and late signaling responses. In addi-
tion, the present study also showed a coincident biphasic acti-
vation of the kinase CaMKII at the same time points as ERK1/2,
suggesting that both may be involved and play a large role in
TGF-B1-dependent responses. Previous research in cancer cell
lines has demonstrated that CaMKII is centrally involved in
cytoskeletal reorganization and modification (44) and that
HA-CD44 interaction mediated CaMKII-dependent cellular
migration independently of ERK1/2 phosphorylation. In the
present study, inhibition of ERK phosphorylation prevented
activation of CaMKII, suggesting that ERK and CaMKII are
closely associated. In contrast, inhibition of CaMKII did not
attenuate ERK signaling. These data demonstrate that ERK
activation is upstream of CaMKII in differentiating fibroblasts
and that ERK1/2 activation is a regulator of CaMKII activation,
with both required for the subsequent differentiation response.

We propose that the early ERK1/2 and CaMKII responses are
involved in the induction of fibroblast differentiation, because
abolition of membrane-bound lipid rafts with nystatin resulted
in the attenuation of both ERK1/2 and CaMKII early waves of
activation. In contrast, the late activation remained in cells pre-
treated with nystatin, suggesting that the late signaling
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FIGURE 10. The HA pericellular coat is required for sequestration of CD44 to EGFR and maintenance of co-localization. A, myofibroblasts were grown to
70% confluent monolayers and were growth-arrested in serum-free medium for 48 h. Confocal microscopy was used to assess the effect of hyaluronidase
treatments on EGFR (green) and CD44 (red) co-localization in myofibroblasts. The white arrows indicate areas of no co-localization. Images are representative
of three individual experiments. Original magnification was X630. B, graphical representation of the percentage of co-localization of PE-R (CD44) with FITC
(EGFR) (Mander's co-localization coefficient). Statistical analysis includes the average Pearson’s correlation coefficient (Rr) and ICQ for each experimental
condition. Results shown are mean = S.E. (error bars) of three individual experiments. FRAP was performed at 37 °C by photobleaching an ~10-um area of the
cell membrane. The recovery of fluorescence into this area was quantified and expressed as a fraction of the fluorescence intensity (F/) of a second region of
membrane outside of the photobleached area (F/ Ratio). Complete quantified time courses, average diffusion constants (D), and mobile fractions (MF) are
shown for CD44 in myofibroblasts (C), CD44 in myofibroblasts treated with 1 unit of Streptomyces (S) hyaluronidase (D), and CD44 in myofibroblasts treated with
100 wg/ml bovine testicular (BT) hyaluronidase (E). Results are shown are representative of three independent experiments. **, p < 0.01.

response of ERK1/2 and CaMKII leading to proliferation was
indicative of another originating source that was not in lipid raft
domains. This has been suggested in research highlighting how
EGER can be susceptible to ligand-free activation and can pro-
duce a proliferation response when it has been released to non-
lipid raft areas of the cell membrane (56, 57). However, it is not
known whether this occurs in fibroblasts, in the absence of HA
or CD44.

Several previous studies have underlined the importance of
HA in fibroblast function and wound healing (22, 23, 58 —60).
We sought to determine whether HA synthesis and up-regula-
tion through HAS2 were necessary steps leading to EGFR phos-
phorylation, receptor co-localization, and both ERK and
CaMKII intracellular signaling. We investigated whether HAS2
activity was the primary modulator of the differentiation path-
way, independent of the TGF-B81-SMAD signaling pathway.
Here we showed that inhibition of HAS2 attenuated activation
of EGER and both signaling phases of ERK and CaMKII phos-
phorylation, confirming that HAS2 was an essential compo-
nent in the TGF-B1-mediated differentiation pathway. We also
demonstrate that removal of the HA-pericellular coat with hy-
aluronidase was able to release CD44 from static membrane
domains, thus partially restoring its potential to move through-
out the cell membrane, indicating that there may be further

14836 JOURNAL OF BIOLOGICAL CHEMISTRY

changes to CD44 that have taken place to maintain its associa-
tion with lipid rafts and EGFR. The data presented here high-
light the importance of the HA-pericellular coat in orchestrat-
ing CD44 to enable modulation of intracellular signaling
pathways. Previously, we have reported that HAS2 and EGFR
overexpression can restore the differentiation potential of aged
fibroblasts (32). However, we have also demonstrated that
HAS2 overexpression alone is not enough to initiate EGFR-
CD44 coupling or differentiation and that TGF-B1 stimulation
is also required (33). Our data indicate that HAS2 activation
mediates differentiation through initiating CD44 sequestration
into lipid rafts and the co-localization with EGFR, leading to
phosphorylation of EGFR and, subsequently, ERK and CaMKII
signaling. Therefore, HAS2-regulated HA synthesis is a major
determining factor in the phenotypic activation of fibroblasts.
This change in phenotype, however, also involves the simulta-
neous activation of the classical SMAD-mediated signaling
pathway initiated by TGF-B1 binding to its receptor (32).

Our study provides mechanistic insights into the process of
transition between scarring and scar-free tissue repair. The
data presented here extend the findings from our previous
research that demonstrates the important regulatory role of an
HA-rich pericellular matrix in the coordination of TGF-B1-de-
pendent fibroblast differentiation (15). Using our previous
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reports together with our current findings, we propose that
stimulation of differentiation in response to TGF-B1 requires
an HA-rich matrix, functionality of CD44, and EGFR associated
with cholesterol-rich membrane-bound lipid rafts. HA facili-
tates TGF-B1-dependent fibroblast differentiation through
HA-CD44 binding and relocation, promoting interaction
between the CD44 and EGFR within lipid rafts. This then pro-
motes specific intracellular signal transduction through the
MAPK/ERK pathway and subsequently through CaMKII, both
acting to complement the SMAD pathway, resulting in fibro-
blast to myofibroblast differentiation.
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