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Fibroblast differentiation into myofibroblasts is a key
event during normal wound repair. We have previ-
ously demonstrated an age-related defect in this pro-
cess associated with impaired synthesis of hyaluro-
nan (HA) synthase (HAS) 2 but failed to prescribe its
role in a mechanistic sense. Here we demonstrate that
in addition to HAS2, there is loss of EGF receptor
(EGF-R) in aged cells, and both are required for nor-
mal fibroblast functionality. Analysis of molecular
events revealed that in young cells, transforming
growth factor (TGF)-�1-dependent phenotypic activa-
tion uses two distinct but cooperating pathways that
involve TGF-� receptor/Smad2 activation and EGF-
mediated EGF-R/extracellular signal-regulated kinase
(ERK) 1/2 signaling, and the latter is compromised
with in vitro aging. Pharmacological inhibition of any
of the five intermediates (TGF-� receptor, Smad2,
EGF, EGF-R, and ERK1/2) attenuated TGF-�1 induc-
tion of �-smooth muscle actin. We present evidence
that the HA receptor CD44 co-immunoprecipitates
with EGF-R after activation by TGF-�1. This interac-
tion is HA-dependent because disruption of HA syn-
thesis abrogates this association and inhibits subse-
quent ERK1/2 signaling. In aged fibroblasts , this
association is lost with resultant suppression of
ERK1/2 activation. Forced overexpression of EGF-R
and HAS2 in aged cells restored TGF-�1-mediated
HA-CD44/EGF-R association and �-smooth muscle
actin induction. Taken together , these results dem-
onstrate that HA can serve as a signal integrator by
facilitating TGF-�1-mediated CD44-EGF-R-ERK inter-
actions and ultimately fibroblast phenotype. We

propose a model to explain this novel mechanism
and the functional consequence of age-dependent
dysregulation. (Am J Pathol 2010, 176:1215–1228; DOI:
10.2353/ajpath.2010.090802)

Problems in wound and skin repair constitute a major
medical problem for aging adults, and as the size of the
elderly population continues to grow, this financial bur-
den is set to increase. Chronic skin wounds have been
estimated to affect 4% of the UK population older than 65,
and the morbidity associated with this impaired wound
healing is estimated to cost the health service in excess
of £1 billion annually in the UK1 and $9 billion in the
United States.2

Wound healing, regardless of the etiology of the
wound, involves an overlapping sequence of events in-
cluding coagulation, inflammation, epithelialization, for-
mation of granulation tissue, and remodeling of the matrix
and tissue. Fibroblasts are central to wound healing and
when activated, they undergo a number of phenotypic
transitions, eventually acquiring a contractile “myofibro-
blastic” phenotype, characterized by the expression of
�-smooth muscle actin (�-SMA).3 These myofibroblasts
are responsible for closure of wounds and for the forma-
tion of the collagen-rich scar. Disease-associated alter-
ations in fibroblast behavior contribute to the pathogen-
esis of progressive fibrotic disorders, and our central
tenant is that age-dependent impairment in wound heal-
ing may also reflect a defect in phenotypic maturation. In
support of this hypothesis, it has been demonstrated
previously that fibroblasts isolated from aging skin have
impaired migration, premature senescence, impaired
proliferative response, and defects in matrix generation
compared with those from young skin.4,5 Furthermore, we
have shown that aging cells are resistant to fibroblast to
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myofibroblast differentiation.6 Because the myofibroblast
orchestrates the successful formation of granulation tis-
sue and matrix remodeling, this is an important finding
that may be central to the delayed healing seen in elderly
individuals.

Transforming growth factor-�1 (TGF-�1) is the princi-
pal mediator of fibroblast to myofibroblast differentiation.
In our studies, TGF-�1 addition to early passage dermal
fibroblasts (young cells) induced their differentiation to
�-SMA-positive myofibroblasts.7,8 Dermal fibroblasts
aged in cell culture (aged cells), however, were resistant
to differentiation, despite the normal activation of the
TGF-�1 intracellular signaling pathways.6 We have pre-
viously demonstrated that the matrix polysaccharide hya-
luronan is a key factor in the regulation of fibroblast
activation.7,9 Hyaluronan (HA) is a ubiquitous connective
tissue glycosaminoglycan synthesized by HA synthase
(HAS) enzymes, of which three vertebrate genes have
been isolated and characterized: HAS1, HAS2, and
HAS3.10,11 HA has a role in maintaining matrix stability
and tissue hydration. It is known to play a major role in
regulating cell-cell adhesion,12 migration,13–15 differenti-
ation,16 and proliferation17,18 and therefore plays an im-
portant role in wound healing. In addition, it is involved in
mediating cellular responses to TGF-�. For example, our
recent studies in epithelial cells have demonstrated that
HA modulates TGF-� signaling after interaction with its
receptor, CD44.19,20 Failure of TGF-�1-induced differen-
tiation to the myofibroblast phenotype associated with
aging is associated with the inability to induce HAS2, a
decrease in HA synthesis, and a lack of pericellular coat
formation. HA synthesis and coat assembly could be
restored by forced overexpression of HAS2 followed by
TGF-�1 stimulation. This did not, however, restore the
myofibroblast phenotype, suggesting that other factors
(in addition to TGF-�1 and HAS2) must be operative in
young cells but have been lost during the aging process.

The classic signaling pathway for TGF involves the
Smad family of transcriptional activators.21,22 The recep-
tor-associated R-Smad, Smad2, and Smad3 are phos-
phorylated directly by the TGF-� type 1 receptor kinase,
after which they hetero-oligomerize with Smad4, translo-
cate to the nucleus, and together with their binding part-
ners activate or repress their target genes. We have
previously demonstrated the role of R-Smads in the reg-
ulation of TGF-�1-dependent fibroblast proliferation. Fur-
thermore, this effect may be modified by HA.19,20,23

Several studies have also shown that TGF can signal in
a Smad-independent fashion, recruiting pathways
such as the extracellular signal-regulated kinase (ERK)
pathway.24

Synergistic effects between TGF-�1 and epidermal
growth factor (EGF) have been demonstrated to regulate
cell phenotype and function in several systems.25–31 Pre-
vious studies have demonstrated a decrease in EGF
receptor (EGF-R) expression and responsiveness in ag-
ing fibroblasts.4 We therefore postulate that a TGF-�1-
dependent and an EGF-R-dependent pathway are both
necessary for full myofibroblastic differentiation. In view
of our data demonstrating the importance of HA in both
phenotypic activation and maintenance, we also postu-

late that HA is the key factor in regulating the coordinated
action of the TGF-�1 and EGF signaling pathways, re-
quired for acquisition of myofibroblast phenotype, such
that defects in both HA synthesis and EGF signaling both
contribute to age-dependent impaired wound healing.

An in vitro aging model based on cell senescence has
previously been described and validated as a model of
age-related alterations in human aortic smooth muscle
cell function.32,33 Similarly alterations in fibroblast func-
tion in an in vitro model of aging have demonstrated the
validity of this model in terms of in vivo age-related alter-
ations in fibroblast motility and mitogenesis, which are
associated with age-dependent impaired wound heal-
ing.4,5 In this study we have used this model to address
the hypothesis that synergy between TGF-�1-dependent
pathways and a competent EGF signaling pathway are
required for myofibroblastic differentiation and that cen-
tral to this process is the induction of HAS2 and synthesis
of HA. Furthermore, we differentiate what contribution
these pathways (Smad and non-Smad) make to age-
related impairment in phenotypic activation.

Materials and Methods

Materials

Antibodies for Western blot analysis and immunofluores-
cence and the final working dilution were as follows: rat
monoclonal anti-CD44 antibody (A020, dilution, 1:200)
from Calbiochem (Nottingham, UK); polyclonal rabbit anti-
EGF-R antibody (1005:sc-03, dilution, 1:1000) from Santa
Cruz Biotechnology, Inc. (Santa Cruz, CA); murine mono-
clonal anti-�-SMA clone 1A4 (dilution 1:30) from Sigma
(Poole, UK); and monoclonal mouse anti-phospho-p44/
42-mitogen-activated protein kinase (ERK1 and ERK2)
antibody (9106, dilution, 1:1000) and rabbit polyclonal
anti-phospho-Smad2 and 3 (dilution, 1:1000) from Cell
Signaling Technology (Beverly, MA). All conjugated sec-
ondary antibodies (dilution, 1:10,000) were purchased
from Sigma. Other reagents used were recombinant
TGF-�, EGF, goat anti-human EGF antibody from R&D
Systems (Oxford, UK), mouse monoclonal anti-CD44
blocking antibody from Ancell (Bayport, MN); and mito-
gen-activated protein kinase kinase inhibitor PD98059
and p38 kinase inhibitor SB203580 (Calbiochem). The
EGF-R inhibitor AG1478 was from Invitrogen (Carlsbad,
CA); the Alk5 inhibitor SB431542, bovine testicular hyal-
uronidase (H3884), and 4-methylumbelliferone (4MU)
were from Sigma.

Cell Culture

All experiments were performed with dermal fibroblasts
obtained by biopsy from consenting adults undergoing
routine minor surgery. Ethical approval for the biopsies
was obtained from the South East Wales Research Ethics
Committee. The cells were isolated and characterized as
described previously7,8,34 and cultured in Dulbecco’s
modified Eagle’s medium supplemented with L-glutamine
(2 mmol/L), 100 units/ml penicillin and 100 �g/ml strep-
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tomycin, and 10% fetal bovine serum (FBS) (Biological
Industries Ltd., Cumbernauld, UK). The cultures were
maintained at 37°C in a humidified incubator in an atmo-
sphere of 5% CO2, and fresh growth medium was added
to the cells every 3 to 4 days. At 90% confluence, fibro-
blasts were trypsinized and reseeded at the ratio of 1:3.
At each passage, the total number of viable cells was
determined by direct counting using a hemocytometer.
The effect of aging was examined using a previously
characterized and validated model of in vitro aging,32

which has been demonstrated in a fibroblast model to
have applicability to in vivo aging.4 Population doubling
levels (PDLs) were calculated as follows: PDL � [log10

(total cells harvested at passage � log10 (total cells re-
seeded)]/log10(2).

35 Cumulative population doubling lev-
els were calculated by adding the derived increase to the
previous PDL, and fibroblast populations were cultured
until senescence, which varied for each patient, occur-
ring at PDL 46 to 70. In the experiments, PDL 10 to 15 and
PDL 25 to 39 were used and are referred to as young and
aged dermal fibroblasts, respectively. The cells were
incubated in serum-free medium for 48 hours before use
in experiments, and all experiments were done under
serum-free conditions unless otherwise stated.

Immunocytochemistry

Cells were grown to 70% confluence in eight-well Per-
manox chamber slides. The culture medium was re-
moved, and the cells washed with sterile PBS, before
fixation in acetone-methanol (1:1, v/v) for 5 minutes at
room temperature. After fixation, slides were blocked with
5% bovine serum albumin for 20 minutes before a further
washing step with PBS. Subsequently the slides were
incubated with the primary antibody diluted in 0.1% bo-
vine serum albumin-PBS for 2 hours at room temperature.
After a further washing step slides were incubated with
fluorescein isothiocyanate-conjugated and/or tetrameth-
ylrhodamine isothiocyanate-conjugated secondary anti-
bodies for 1 hour at room temperature (DAKO, Cam-
bridgeshire, UK). Cells were then mounted and analyzed
by fluorescent microscopy.

Analysis of Cell Proliferation

Fibroblast proliferation was assessed by the incorpora-
tion of D-[3H]thymidine into DNA. Cells were grown in
35-mm dishes and assessed at subconfluence (�50%
confluence). Metabolic labeling was performed by incu-
bation with 1 �Ci/ml D-[3H]thymidine for 24 hours. The
medium was then discarded, and the cells were washed
repeatedly with PBS containing 1 mmol/L thymidine be-
fore fixing with 500 �l of 5% trichloroacetic acid contain-
ing 1 mmol/L thymidine at 4°C for 1 hour. The cell layer
was extracted by incubation with 1 ml of 0.1 M NaOH at
20°C for 24 hours and neutralized with 0.1 M HCl. Radio-
activity was determined by �-counting on a Packard Tri-
Carb 1900 liquid scintillation analyzer, and the results
reported as disintegrations per minute.

Quantitative PCR

Young and aged dermal fibroblasts were grown to con-
fluence in 35-mm dishes and washed with PBS before
lysis with TRI reagent and RNA purification according to
the manufacturer’s protocol. One microgram of total RNA
was retrotranscribed using High-Capacity cDNA Reverse
Transcription Kits (Applied Biosystems, Foster City, CA)
according to the manufacturer’s protocol. This uses the
random primer method for initiating cDNA synthesis. As a
negative control reverse transcriptionwas performedwith ster-
ile H2O replacing the RNA sample. Quantitative PCR was
performed using the 7900HT Fast Real-Time PCR System
from Applied Biosystems using TaqMan Universal PCR
Master Mix (Applied Biosystems) following the manu-
facturer’s instructions. The following TaqMan gene
expression assays were used: CD44 (HS00153304_
m1), HAS2 (HS0019343_m1), TSG-6 (HS00200180_m1),
Smad2 (HS00183425_m1), Smad3 (HS00232222_m1),
EGF-R (HS01076073_m1), EGF (HS01099999_m1), and
�-SMA (HS00426835_g1). PCR was performed in a final
volume of 20 �l/sample. One microliter of reverse tran-
scription product, 1 �l of target gene primers and probe,
10 �l of TaqMan Universal PCR MasterMix, and 8 �l of
sterile H2O. Amplification was performed using a cycle of
95°C for 1 second and 60°C for 20 seconds for a further
40 cycles. As a negative control, PCR was performed
with sterile H2O replacing the cDNA sample. PCR was
simultaneously done for ribosomal RNA (primers and
probe commercially designed and purchased from Ap-
plied Biosciences) as a standard reference gene. The
comparative CT method was used for relative quantifica-
tion of gene expression. The CT (threshold cycle where
amplification is in the linear range of the amplification
curve) for the standard reference gene (ribosomal RNA)
was subtracted from the target gene CT to obtain the �CT

(dCT). The mean dCT values for similar samples were
then calculated. The expression of the target gene in
experimental samples relative to expression in control
samples was then calculated using the formula:

2�(dCT(1)�dCT(2))

where dCT(1) is the mean dCT calculated for the exper-
imental samples and dCT(2) is the mean dCT calculated
for the control samples.

Overexpression of HAS2 and EGF-R

The HAS26 and EGF-R4 open reading frame was inserted
into the vector pCR3.1 using a standard ligation reaction
with T4 DNA ligase (Promega, Madison, WI). Amplifica-
tion of the cloned vector was performed via bacterial
transformation (JM109 competent Escherichia coli, Pro-
mega). Transient transfection was performed with the aid
of Nucleofector technology (Amaxa Biosystems, Gaith-
ersburg, MD) in accordance with the manufacturer’s pro-
tocol for transfection of primary mammalian fibroblasts.
Fibroblasts were grown to 70% confluence in T75 flasks.
The medium was removed, and the cells were harvested
by trypsinization (solution containing 0.05% trypsin and
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0.53 mmol/L EDTA). Once the cells detached, the result-
ing cell suspension was treated with an equal volume of
FBS to neutralize the protease activity. Cell counting was
performed using a hemocytometer, and cell numbers
were adjusted to a final concentration of 0.5 � 106 cells/
ml. Cells were then centrifuged (100 � g for 10 minutes),
and the resulting pellet was resuspended in Basic
Nucleofector Solution (Amaxa Biosciences). The cells
were transfected either with HAS2-pCR3.1 and/or EGF-
R-pCR3.1. The concentrations used were 100 �l of Basic
Nucleofector Solution to 1 �g of DNA. The solution was
then transferred to an Amaxa-certified cuvette and
placed in the Nucleofector. Nucleofection was performed
for 5 seconds according to the prespecified program
designed for mammalian fibroblasts, and the cells were
subsequently transferred to either 35-mm dishes or eight-
well Permanox chamber slides containing prewarmed
medium supplemented with 10% FBS for 24 hours fol-
lowed by a 24 hours incubation in serum-free medium.
pmaxGFP (green fluorescent protein) plasmid (Amaxa
Biosystems) was used as a control (mock transfections).
Two negative controls were performed: 1) 0.5 � 106 cells
in 100 �l of Basic Nucleofector Solution containing 1 �g
of DNA but without application of the program and 2)
0.5 � 106 cells in 100 �l of Basic Nucleofector Solution
without DNA but with application of the program. The
cells were incubated in medium supplemented with 10%
FBS for 24 hours followed by a 24-hour incubation in
serum-free medium before experimentation. pmaxGFP
transfection was performed in parallel, and expression
was determined by fluorescence microscopy after 48
hours to assess efficiency of electroporation.

Small Interfering RNA Transfection

Transient transfection of dermal fibroblasts was per-
formed with specific small interfering (siRNA) nucleotides
(Applied Biosystems) targeting either Smad2 (115717),
Smad3 (107875), or CD44 (114068). Transfection was
performed using Lipofectamine 2000 transfection re-
agent (Invitrogen) in accordance with the manufacturer’s
protocol. In brief, cells were grown to 50% confluence in
antibiotic-free medium in either 12-well culture plates
or 8-well Permanox chamber slides. Two microliters of
transfection agent was diluted in 98 �l of Opti-MEM re-
duced growth medium (Gibco, Grand Island, NY) and left
to incubate at room temperature for 5 minutes. Specific
siRNA oligonucleotides were diluted in Opti-MEM re-
duced growth medium to a final concentration of 20
�mol/L in a total volume of 100 �l. The transfection agent
and siRNA mixtures were then combined and incubated
at room temperature for a further 10 minutes. The newly
formed transfection complexes (200 �l) were subse-
quently added to cells and incubated at 37°C with 5%
CO2 for 24 hours in medium supplemented with 10% FBS
followed by a 24-hour incubation in serum-free medium
before experimentation. As a control, cells were trans-
fected with negative control siRNA (a scrambled se-
quence that bears no homology to the human genome)
(Applied Biosystems).

Western Blot Analysis

Cells were grown to confluence in 35-mm dishes and
rinsed with cold PBS. Cells were then lysed using 1%
protease inhibitor cocktail, 1% phenylmethylsulfonyl flu-
oride and 1% sodium orthovanadate in radioimmunopre-
cipitation assay lysis buffer (Santa Cruz Biotechnology
Inc., Heidelberg, Germany). The samples were scraped,
collected, and centrifuged at 2500 � g for 10 minutes.
The supernatant was collected, protein concentrations
were determined by the Bradford assay, and the samples
were stored at �70°C until use. Equal amounts of pro-
tein were mixed with equal volumes of reducing SDS
sample buffer and boiled for 5 minutes at 95°C before
loading onto 10% SDS-polyacrylamide gels. Electro-
phoresis was performed under reducing conditions at
150 V for 1 hour, and the separated proteins were then
transferred at 150 V over 90 minutes to a nitrocellulose
membrane (GE Healthcare, Little Chalfont, Buckingham-
shire, UK). The membrane was blocked with Tris-buff-
ered saline containing 5% nonfat powdered milk for 1
hour and incubated with the primary antibody at 4°C
overnight. The blots were subsequently washed with Tris-
buffered saline containing 1% Tween before incubation
with the appropriate horseradish peroxidase-conjugated
secondary antibody for 1 hour at room temperature. Pro-
teins were visualized using enhanced chemilumines-
cence (GE Healthcare) according to the manufacturer’s
instructions.

Immunoprecipitation

Cells were grown, washed, and lysed as for Western blot
analysis above. Cell protein samples (200 �g) were pre-
cleared with 25 �l of packed protein A-cross-linked 4%
beaded agarose (Sigma) at 4°C overnight. The beads
were removed by centrifugation (13,000 rpm, 10 min-
utes), and the supernatant was collected. Samples were
subjected to immunoprecipitation using rat anti-CD44 an-
tibody (2 �g/ml) and incubated at 4°C with constant
mixing overnight. The immune complex was captured by
the addition of packed agarose protein A beads (50 �l)
overnight at 4°C. Beads were washed with radioimmuno-
precipitation assay buffer (50 mmol/L Tris, 150 mmol/L
NaCl, 0.5% sodium deoxycholate, 10 mmol/L MgCl2,
0.1% SDS, and 1% Triton X-100); 30 �l of sample buffer
was then added before boiling for 10 minutes. Separation
of the beads was achieved by centrifugation (13,000 � g
for 10 minutes), and the supernatant was removed. Sub-
sequently samples were transferred to nitrocellulose
membranes and processed as described for Western
blot analysis using rabbit anti-EGF-R antibody as the
primary antibody. The blots were subsequently washed
in Tris-buffered saline-Tween and incubated with the ap-
propriate horseradish peroxidase-conjugated secondary
antibody (Sigma) in Tris-buffered saline-Tween. Proteins
were visualized using enhanced chemiluminescence
(Amersham Biosciences Inc., Piscataway, NJ) according
to the manufacturer’s instructions. The specificity of im-
munoprecipitation was confirmed by negative control re-
actions performed with the IgG control.
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Statistical Analysis

All experiments were performed at least in triplicate for
individual patient donors. All values are provided as
means � SE. Comparisons were performed using an
unpaired Student’s t-tests, and probability values of P �
0.05 were considered to indicate a significant difference.

Results

TGF-�1-Dependent Phenotypic Activation Uses
Smad2 and EGF-R-Dependent Pathways

The role of the TGF-�1 signaling intermediates Smad2
and Smad3 in TGF-�1-dependent phenotypic activation
was examined by gene silencing using siRNA. Suppres-
sion of expression of Smad2, after transfection with
Smad2 siRNA was confirmed by quantitative PCR (Q-
PCR) (Figure 1A). Inhibition of Smad2 expression was
associated with a failure of TGF-�1 to increase �-SMA in
young fibroblasts (Figure 1B), confirming our earlier work
suggesting the involvement of this signaling intermediate
in fibroblast phenotypic activation.36 In contrast, suc-

cessful knockdown of Smad3 using siRNA failed to have
an effect on TGF-�1-mediated phenotypic differentiation
(data not shown). Synergy between TGF-�1 and EGF in
regulating cell phenotype is well recognized in other
cell systems.25,29,30 The relative contribution of TGF-�
receptor and EGF receptor signaling in TGF-�1-depen-
dent fibroblast to myofibroblast phenotypic activation
was examined by addition of TGF-�1 to growth-arrested
young fibroblasts for 48 hours in the presence of either
AG1478, a potent and selective inhibitor of EGF-R, or the
TGF-� receptor/Alk5 inhibitor SB431542. Addition of ei-
ther inhibitor attenuated TGF-�1-induced expression of
�-SMA (Figure 1C), suggesting that in the absence of
exogenous EGF, TGF-�1 uses both its own and the
EGF-R to facilitate phenotypic activation.

Differential Effect of Aging on Smad2 and
EGF-R

Given the age-dependent failure of TGF-�1-directed phe-
notypic activation that we have previously demonstra-
ted,6 we sought to examine the effects of aging on
Smad2 and EGF-R expression. The effect of aging on
Smad2 activation was examined by Western blot analysis
of TGF-�1-dependent phosphorylation of Smad2. Smad2
was rapidly phosphorylated (within 15 minutes) after ad-
dition of TGF-�1 to quiescent cells and peak activation
was observed after 1 hour. This kinetic profile did not
change across the range of in vitro ages extending from
young (PDL 15) through to aged cells (PDL 39) (Figure
2A). For evaluation of EGF-R expression, fibroblasts were
grown to confluence and serum-deprived for 48 hours
before mRNA extraction and analysis of EGF-R mRNA by
Q-PCR. Young fibroblasts had significantly higher (�3-
fold) EGF-R mRNA expression compared with patient-
matched aged fibroblasts (Figure 2B). In parallel exper-
iments EGF-R protein was examined by Western blot
analysis (Figure 2C). Cell protein was extracted from
growth-arrested patient-matched fibroblasts over a range
of different in vitro ages extending from young (PDL 15)
through to aged cells (PDL 39). Consistent with the Q-
PCR data, in vitro aging was associated with an age-
dependent decrease in EGF-R protein expression with
barely detectable levels in near-senescent cells (PDL 33
to 39). Collectively these results suggest that age-depen-
dent loss of TGF-�1-dependent phenotypic activation is
associated with loss of EGF-R, whereas Smad signaling
remains intact.

Restoration of EGF-R Expression in Isolation
Does Not Influence Phenotypic Activation

We hypothesize that loss of EGF-R may be responsible
for loss of TGF-�1 responsiveness in aged fibroblasts.
Previous studies have demonstrated restoration of age-
dependent EGF responsiveness by forced overexpres-
sion of EGF-R cDNA.4 To examine the role of the age-
dependent decrease in EGF-R expression in TGF-�1

responsiveness, aged fibroblasts were transfected with

Figure 1. Involvement of Smad2, EGF-R, and Alk5 in phenotypic conver-
sion. Confluent monolayers of young dermal fibroblasts were transfected
with Smad2 siRNA or scramble oligonucleotide control (scramble) for 48
hours. A: Total mRNA was extracted and Smad2 mRNA expression was
assessed by RT-Q-PCR. B: In parallel experiments, after transfection the
medium was replaced with serum-free medium for a further 48 hours, before
addition of serum-free medium alone (white bars) or serum-free medium
containing 10 ng/ml TGF-�1 (black bars) for a further 72 hours, and �-SMA
expression was assessed by RT-Q-PCR. C: Confluent monolayers of young
dermal fibroblasts were growth-arrested in serum-free medium for 48 hours.
Serum-free medium alone or serum-free medium containing 10 ng/ml TGF-�1
alone or in combination with either the EGF-R inhibitor AG1478 (10 �mol/L)
or the Alk5-specific inhibitor SB431542 (10 �mol/L) was added to cells for a
further 72 hours. Total mRNA was extracted, and �-SMA expression was
assessed by RT-Q-PCR. Ribosomal RNA expression was used as an endoge-
nous control, and gene expression was assessed relative to scramble (A),
unstimulated-scrambled (B), and control unstimulated (C) samples. The
comparative CT method was used for relative quantification of gene expres-
sion, and the results represent the mean � SE of six individual experiments
using cells isolated from two different donors. Statistical analysis was per-
formed by Student’s t-test: *P � 0.05.
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cDNA encoding either EGF-R or GFP (as a control). Con-
firmation of EGF-R overexpression was demonstrated by
Q-PCR (Figure 3A). TGF-�1 responsiveness of EGF-R-
overexpressing cells was examined by stimulation with
TGF-�1 for 72 hours after transfection. There was no
difference in �-SMA expression between EGF-R-overex-
pressing cells and GFP-transfected cells after addition of
TGF-�1 (Figure 3B), suggesting that restoration of EGF-R
expression in aged cells did not restore TGF-�1 respon-
siveness. The functional nature of the transfected EGF-R
was explored by examining the EGF-dependent prolifer-
ative response of EGF-R-overexpressing aged fibro-
blasts. These experiments demonstrated significantly
increased proliferation, as assessed by [3H]thymidine
incorporation, after addition of exogenous EGF to EGF-
R-overexpressing cells compared with control GFP-trans-
fected cells, thus confirming the functionality of the trans-
fected receptor (Figure 3C).

TGF-�1-Mediated Phenotypic Activation Is
Facilitated by EGF

Synergy between TGF-�1 and EGF in regulating cell
phenotype is well recognized in other cell systems.25,29,30

The effect of in vitro aging on the expression of EGF was
examined under basal conditions and after stimulation

with TGF-�1 (Figure 4A). Fibroblasts were grown to con-
fluence and serum-deprived for 48 hours before addition
of either recombinant TGF-�1 or serum-free medium
alone (control treatment) for a further 72 hours. Q-PCR
analysis revealed that under basal conditions aged cells
exhibited a small but significant attenuation in EGF
mRNA. Moreover, after addition of TGF-�1, young cells
responded with a significant induction (�7-fold) in EGF
mRNA, whereas, in contrast, aged cells demonstrated no
change in EGF mRNA expression. These data demon-
strate that in addition to the loss of expression of EGF-R,
in vitro aging is associated with a loss of TGF-�1-depen-
dent induction of EGF. This result raises the possibility
that loss of autocrine EGF activity may also be involved in
age-dependent loss of TGF-�1 phenotypic activation. To
examine this, aged fibroblasts overexpressing EGF-R
were costimulated with exogenous EGF and TGF-�1. In
contrast with stimulation with TGF-�1 in isolation (Figure
3B), costimulation leads to augmented phenotypic acti-
vation as assessed by expression of �-SMA (Figure 4B).
In addition, costimulation leads to a restoration of induc-

Figure 2. Effect of in vitro aging on EGF-R and Smad2 signaling. A: Confluent
monolayers of dermal fibroblasts at the indicated PDL were growth arrested
in serum-free medium for 48 hours. The medium was replaced with either
serum-free medium alone or serum-free medium containing 10 ng/ml
TGF-�1 for the indicated times. Cell lysates were subsequently subjected to
Western blot analysis using antibodies against the phosphorylation form of
Smad2. Expression of glyceraldehyde-3-phosphate dehydrogenase (GAPDH)
was analyzed as a control to ensure equal loading (results not shown). The
results shown are representative of five independent experiments from the
same patient donor. B: Confluent monolayers of patient-matched young and
in vitro aged dermal fibroblasts were growth-arrested in serum-free medium
for 48 hours. Total mRNA was extracted and EGF-R mRNA expression was
assessed by RT-Q-PCR. Ribosomal RNA expression was used as an endoge-
nous control, and gene expression was assessed relative to in vitro aged
cells. The comparative CT method was used for relative quantification of
gene expression, and the results represent the mean � SE of six individual
experiments using cells isolated from two different donors. Statistical analysis
was performed by Student’s t-test: *P � 0.05. C: Confluent monolayers of
dermal fibroblasts at the indicated PDL were growth-arrested in serum-free
medium for 48 hours. Cell protein was extracted, and Western blotting for
EGF-R was performed. Expression of GAPDH was analyzed as a control to
ensure equal loading. The results shown are representative of five indepen-
dent experiments from the same patient donor.

Figure 3. Overexpression of EGF-R in aged dermal fibroblasts. Aged dermal
fibroblasts were transfected with either EGF-R-pCR3.1 (EGF-R transfected) or
GFP (mock transfected). Transfection efficiency of EGF-R-pCR3.1 was 41.5%.
Total mRNA was extracted and EGF-R (A) and �-SMA (B) mRNA expression
was assessed by RT-Q-PCR. Ribosomal RNA expression was used as an
endogenous control, and gene expression was assessed relative to mock
transfected. The comparative CT method was used for relative quantification
of gene expression, and the results represent the mean � SE of nine
individual experiments using cells isolated from three different donors. Sta-
tistical analysis was performed by Student’s t-test: **P � 0.01. N/S, not
significant. C: EGF-induced proliferation was determined by incorporation of
[3H]thymidine. Expression plasmids for EGF-R or GFP (mock transfected)
were introduced into aged fibroblasts using Nucleofector technology before
metabolic labeling, performed by incubation with 1 �Ci/ml D-[3H]thymidine
after addition of either serum-free medium alone (black bars) or serum-free
medium containing 10 ng/ml EGF (gray bars) for 24 hours. Data are the
mean � SE from six individual experiments, using cells isolated from two
different donors. Statistical analysis was performed by Student’s t-test: *P� 0.05.
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tion of the hyaladherin TSG-6 (Figure 4C) and HAS2
(Figure 4D), which did not occur after addition of TGF-�1
in isolation.

To investigate the participation of EGF in TGF-�1-de-
pendent phenotypic activation young cells were treated
with TGF-�1 in the presence of either an anti-EGF anti-
body or the EGF-R inhibitor AG1478, and the expression
of �-SMA was assayed by Q-PCR (Figure 4E). Addition of
neutralizing anti-EGF antibody inhibited TGF-�1-mediated

�-SMA accumulation by �50%, whereas complete inhibi-
tion was achieved using the chemical inhibitor AG1478.

HAS2-Dependent HA Is Regulated through the
EGF-R

The induction of HAS2 in aged cells after restoration of
EGF signaling together with the reported up-regulation of
HAS2 and HA synthesis mediated by EGF-R signaling37

led us to investigate the role of EGF signaling in regula-
tion of HAS2 in our cell system. TGF-�1-mediated induc-
tion of HAS2 in young fibroblasts was significantly atten-
uated by treatment with the EGF-R inhibitor AG1478
(Figure 5A). Previous work has demonstrated that HA
through CD44 may directly activate EGF-R in the context
of oncogenic signaling38,39 To examine the potential of
endogenous HA to activate EGF-R in the absence of
exogenous EGF, aged fibroblasts overexpressing both
EGF-R and HAS2 were stimulated with TGF-�1, and cell

Figure 4. Effect of age on EGF expression (A), synergistic effects of TGF-�1
and EGF in EGF-R-overexpressed aged cells (B–D), and effect of EGF inhi-
bition on phenotypic activation (E). A: Confluent monolayers of patient
matched young and aged dermal fibroblasts were growth-arrested in serum-
free medium for 48 hours, before addition of either serum-free medium alone
(white bars) or serum-free medium containing 10 ng/ml TGF-�1 (black bars)
for 72 hours. Total mRNA was extracted, and EGF expression was assessed
by RT-Q-PCR. B–D: Aged dermal fibroblasts were transfected either with
EGF-R-pCR3.1 (EGF-R transfected) or GFP (mock transfected). Transfection
efficiency of cells expressing EGF-R-pCR3.1 was calculated as 42.6% (data
not shown). B: 48 hours after transfection, cells were incubated in either
serum-free medium alone (white bars) or serum-free medium containing 10
ng/ml TGF-�1 in combination with EGF (10 ng/ml) (black bars) for 72 hours,
and �-SMA expression was assessed by RT-Q-PCR. C and D: 48 hours after
transfection, cells were incubated in either serum-free medium alone (white
bars), serum-free medium containing 10 ng/ml TGF-�1 (black bars), or
serum-free medium containing TGF-�1 (10 ng/ml) in combination with EGF
(10 ng/ml) (gray bars) for 72 hours. TSG-6 (C) and HAS2 (D) mRNA expres-
sion was assessed by RT-Q-PCR. E: confluent monolayers of dermal fibro-
blasts were growth-arrested in serum-free medium for 48 hours. The medium
was replaced with serum-free medium containing TGF-�1 (10 ng/ml) alone
or in combination with either the EGF-R inhibitor AG1478 (10 �mol/L) or
anti-EGF antibody (10 �g/ml) for 72 hours, and �-SMA expression was
assessed by RT-Q-PCR. Ribosomal RNA expression was used as an endoge-
nous control, and gene expression was assessed relative to in vitro aged
control cells (A), mock-transfected control cells (B–D), or untreated cells (E).
The comparative CT method was used for relative quantification of gene
expression, and the results represent the mean � SE of six individual
experiments using cells isolated from two different donors. Statistical analysis
was performed by Student’s t-test: *P � 0.05; **P � 0.01. N/S, not significant.

Figure 5. Involvement of EGF-R in TGF-�1-dependent HAS2 induction (A)
and combinatory effects of EGF-R and HAS2 overexpression in aged cells (B).
A: Confluent monolayers of young dermal fibroblasts were growth-arrested
in serum-free medium for 48 hours, before addition of either serum-free
medium alone (control) or serum-free medium containing TGF-�1 (10 ng/
ml) in isolation or in combination with the EGF-R inhibitor AG1471 (10
�mol/L) for 72 hours. Total mRNA was extracted, and HAS2 expression was
assessed by RT-Q-PCR. B: Aged dermal fibroblasts were transfected either
with EGF-R-pCR3.1 alone (EGF-R transfected) or in combination with HAS2-
pCR3.1 (EGF-R/HAS2 transfected) or GFP (mock transfected). Transfection
efficiency of cells expressing EGF-R-pCR3.1 or in combination with HAS2-
pCR3.1 was calculated as 44.1 and 37.8%, respectively. At 48 hours after
transfection, cells were incubated in either serum-free medium alone (white
bars) or serum-free medium containing 10 ng/ml TGF-�1 (black bars) for 72
hours, and �-SMA mRNA expression was assessed by RT-Q-PCR. Ribosomal
RNA expression was used as an endogenous control and gene expression
was assessed relative to control cells (A) or mock-transfected control cells
(B). The comparative CT method was used for relative quantification of gene
expression, and the results represent the mean � SE of six individual
experiments using cells isolated from two different donors. Statistical analysis
was performed by Student’s t-test: *P � 0.05; **P � 0.01. N/S, not significant.
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phenotype was monitored by quantitation of �-SMA. Un-
der these experimental conditions TGF-�1-dependent
phenotypic activation was restored in the absence of
exogenous EGF (Figure 5B). This result suggests that in
aged cells forced overexpression of HAS2-dependent
HA synthesis removes the need for exogenous EGF in
phenotypic activation of EGF-R-overexpressing cells.
Collectively these data indicate that HAS2 participates in
phenotypic activation and is downstream of TGF-�1-me-
diated EGF synthesis.

TGF-�1 Activates ERK1/2, through EGF-R, in
an HA-Dependent Manner and Is Impaired with
Aging

Activation of EGF-R by HA associated with cytoskeletal
reorganization in head and neck squamous cell carci-
noma cells has been associated with downstream acti-
vation of mitogen-activated protein kinase (MAPK) (in
particular ERK1 and ERK2).40 In our experimental system
addition of TGF-�1 resulted in the activation of ERK1 and
ERK2. Western blot analysis demonstrated that maximal
phosphorylation was reached at 10 minutes after admin-
istration of TGF-�1 and rapidly returned to less than basal
levels after 30 minutes (Figure 6A). Significantly, TGF-�1-
mediated ERK activation was markedly attenuated in
aged cells (Figure 6B), consistent with the age-depen-
dent reduction in EGF-R expression. TGF-�1-mediated
activation of ERK could be inhibited by either inhibition of
the EGF-R using AG1487 or by an antibody to EGF (Fig-
ure 6C), suggesting that TGF-�1-mediated ERK activa-
tion was downstream of EGF-mediated activation of the
EGF-R. In the same experiments the relationship be-
tween Smad2 and EGF-R signaling was investigated.
As expected, Smad2 phosphorylation increased after
TGF-�1 stimulation. In contrast to the effects of AG1487
and anti-EGF antibody on ERK phosphorylation, Smad2
phosphorylation was unaltered (Figure 6C), suggesting
that Smad2 and EGF-R/ERK1/2 phosphorylation are
independent.

We next sought to determine the role of HA in TGF-�1-
mediated ERK activation by either inhibition of HA syn-
thesis by the depletion of the UDP-glucuronic acid pool
using 4MU or digestion of HA using hyaluronidase. Both
inhibition of HA synthesis and degradation of HA inhib-
ited TGF-�1-mediated activation of ERK1 and ERK2
(Figure 6C). The requirement of HA for TGF-directed
Smad2 phosphorylation was also investigated in the
same way. Neither inhibition of HA synthesis nor deg-
radation of HA had an effect on Smad2 activation,
suggesting that the TGF-�-specific Smad pathway is
HA-independent (Figure 6C).

Finally, we examined the involvement of ERK1/2 and
p38MAPK in myofibroblastic differentiation by TGF-�1.
ERK inhibition by the inhibitor PD98059 but not the
p38MAPK inhibitor SB203580 significantly inhibited TGF-
mediated �-SMA induction in young dermal fibroblasts,
suggesting involvement of ERK but not p38MAPK signal-
ing during phenotypic activation (Figure 6D). Collectively

these data demonstrate that age-related resistance to
TGF-�1-directed phenotypic activation is associated with
age-related impaired ERK1/2 signaling.

Phenotype-Associated CD44 Relocation Is
Impaired in Aged Cells

Having demonstrated the importance of HA in pheno-
typic activation by TGF-�1-dependent phosphorylation of
ERK1/2, we sought to examine the role of the principal
receptor for HA, CD44, in phenotypic activation, and its
relationship to age-associated resistance to the effects of
TGF-�1. Young fibroblasts were transfected with a spe-
cific siRNA for CD44 to determine its functional require-
ment for myofibroblast conversion. The efficacy of this
approach was confirmed by Q-PCR assessment of
CD44 mRNA suppression (Figure 7A). Suppression of

Figure 6. TGF-�1-dependent activation of ERK signaling (A), the effects of
in vitro aging (B) involvement of HA and EGF signaling (C), and requirement
for phenotypic conversion (D) on ERK activation. A: Growth-arrested con-
fluent monolayers of young dermal fibroblasts (Q) were incubated with 10
ng/ml TGF-�1 for up to 60 minutes, and phosphorylation of ERK1/2 proteins
was assessed by Western blot analysis at the time points indicated. B: 10
ng/ml TGF-�1 in serum-free medium was added to growth-arrested conflu-
ent monolayers of patient-matched young and in vitro aged dermal fibro-
blasts for 10 minutes. Cell lysates were prepared for Western blot with
antibodies for the phosphorylated form of ERK1/2. C: The involvement of
EGF and HA in activation of ERK1/2 phosphorylation and Smad 2 phosphor-
ylation was analyzed by Western blot. Confluent monolayers of growth-
arrested young dermal fibroblasts were pretreated with either 10 �mol/L
EGF-R inhibitor AG1478 (lane2), 10 �g anti-EGF antibody (lane 3), 200 �g/ml
hyaluronidase (Hyal) (lane 4), or 0.5 mmol/L 4MU for 30 minutes before a
further 10-minute incubation with 10 ng/ml TGF-�1. Control cells received
serum-free medium alone (lane 1). D: Confluent monolayers of young
dermal fibroblasts were growth-arrested in serum-free medium for 48 hours
before addition of either serum-free medium alone or serum-free medium
containing 10 ng/ml TGF-�1 in isolation or in combination with the p38
inhibitor SB203580 (10 �mol/L) or the ERK inhibitor PD98059 (10 �mol/L)
for 72 hours. Total mRNA was extracted, and �-SMA mRNA expression was
assessed by RT-Q-PCR. Ribosomal RNA expression was used as an endoge-
nous control, and gene expression was assessed relative to untreated cells.
The comparative CT method was used for relative quantification of gene
expression, and the results represent the mean � SE of six individual
experiments using cells isolated from two different donors. Statistical analysis
was performed by Student’s t-test: *P � 0.05. N/S, not significant
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CD44 expression was associated with abrogation of
TGF-�1-dependent induction of �-SMA as assessed by
Q-PCR (Figure 7B) and immunohistochemistry (Figure
7, D–G). In contrast, suppression of CD44 expression
did not affect TGF-�1-mediated up-regulation of HAS2
(Figure 7C).

Expression and localization of CD44 and its relation-
ship to phenotypic activation as assessed by expression
of �-SMA were examined by immunohistochemistry (Fig-
ure 8, A–F). In young cells, TGF-�1 increased expression
of �-SMA (Figure 8B), compared with unstimulated con-
ditions (Figure 8A), which was also associated with a
relocalization of CD44. Under basal conditions CD44 was
seen predominantly in a linear distribution around the cell
periphery (Figure 8D). In contrast, after TGF-�1-depen-
dent phenotypic activation, CD44 appeared in a diffuse
pattern throughout the cell (Figure 8E). Aged cells are
resistant to TGF-�1-dependent phenotypic activation
(Figure 8C), and this resistance is associated with failure
of CD44 relocalization, which remains predominantly in a
linear distribution at the cell periphery (Figure 8F). Al-
though these data demonstrate a defect in CD44 relocal-
ization associated with age, there was no alteration in
CD44 mRNA expression when young and in vitro aged
cells were compared (Figure 8G), although in both cell
types relocalization of CD44 was associated with a TGF-
�1-dependent decrease in CD44 mRNA.

HA-Dependent CD44-EGF-R Colocalization Is
Lost with in Vitro Aging

Given the dependence of CD44 and EGF-R in TGF-�1-
induced phenotypic activation, we sought to examine
their potential for interaction. Anti-CD44 immunoprecipi-
tation followed by anti-EGF-R immunoblot analysis in
young cells indicated that a low level of EGF-R is present
in the anti-CD44 immunoprecipitated materials (Figure
9A). TGF-�1-dependent phenotypic activation in young
cells was associated with recruitment of a significant
amount of EGF-R to the CD44-EGF-R complex. Inhibition
of HA synthesis using 4MU or digestion of HA using
hyaluronidase resulted in a reduction of EGF-R accumu-
lation in the CD44 immunoprecipitant. The effect of cel-
lular aging on the CD44-EGF-R association was subse-
quently assessed by confocal microscopy (Figure 9, B
and Q). The results clearly demonstrate colocalization of
CD44 and EGF-R after TGF-�1-dependent phenotypic
activation of young cells (Figure 9I) compared with non-
stimulated cells (Figure 9E). In contrast, colocalization of
CD44 and EGF-R was not apparent in aged fibroblasts
(Figure 9, M and Q). Furthermore and consistent with
earlier data, unstimulated (Figure 9L) and stimulated (Fig-
ure 9P) aged fibroblasts stained poorly for EGF-R. These
results suggest that an age-dependent defect in TGF-�1-
mediated phenotypic activation is associated with an

Figure 7. Effect of CD44 gene silencing on TGF-�1-dependent phenotypic activation. Confluent monolayers of young dermal fibroblasts were transfected with
CD44 siRNA or scramble oligonucleotide control (scramble) for 48 hours. A: Total mRNA was extracted and CD44 mRNA expression was assessed by RT-Q-PCR.
In parallel experiments after transfection the medium was replaced with serum-free medium for a further 24 hours before addition of serum-free medium alone
(white bars) or serum-free medium containing 10 ng/ml TGF-�1 (black bars) for a further 72 hours, and �-SMA (B) or HAS2 (C) expression was assessed by
RT-Q-PCR. Ribosomal RNA expression was used as an endogenous control, and gene expression was assessed relative to scramble (A) or control-scrambled (B
and C) samples. The comparative CT method was used for relative quantification of gene expression, and the results represent the mean � SE of six individual
experiments using cells isolated from two different donors. Statistical analysis was performed by Student’s t-test: *P� 0.05; **P� 0.01. D–G: Immunohistochemical
analysis was also performed to assess dermal fibroblast phenotype in untransfected cells (D and E) or cells transfected with either scramble oligonucleotide control
(scramble) (F) or CD44 siRNA (G) before addition of serum-free medium with (E–G) or without (D) 10 ng/ml TGF-�1 for a further 72 hours. The cells were fixed
and stained for �-SMA, mounted in Vectashield fluorescent mountant and viewed under UV light. Original magnification: �100.
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age-dependent loss of EGF-R and subsequent CD44-
EGF-R colocalization.

The importance of HAS2-dependent HA in loss of phe-
notypic activation and CD44 relocalization was examined
by TGF-�1 stimulation of cells transiently transfected with
HAS2 (Figure 10, D–F) or EGF-R (Figure 10, G–I) overex-
pression vectors either alone or in combination (Figure
10, J–L). Transfection with GFP was used as a control
(Figure 10, A–C). In these experiments the combination of
EGF-R and HAS2 overexpression (but not independently)
restored colocalization of CD44 and EGF-R in aged cells.
To identify whether this CD44-EGF-R interaction plays a
role in signaling to ERK young cells were treated with an
anti-CD44 blocking antibody, and ERK1/2 phosphoryla-

tion was assessed (Figure 10M). Both basal and TGF-�1-
augmented ERK1/2 activation was inhibited by the anti-
CD44 blocking antibody; this result together with earlier
data implies that ERK1/2 activation is downstream of
HA-dependent CD44 EGF-R association.

Discussion

Impaired wound healing in elderly individuals is charac-
terized by delayed re-epithelialization and an excessive
inflammatory response, the latter leading to matrix deg-
radation by inflammatory cell-derived proteases.41 It has
been long established that there is marked alteration in
fibroblast function with increasing age. For example in
young patients, the fibroblast is an active secretory cell,
with a well developed endoplasmic reticulum. In contrast,
in old patients (physiological or pathological aging) it
becomes a quiescent cell, with a poorly developed en-
doplasmic reticulum.42,43 The mitogenic and stimulatory
effects of growth factors, hormones, and other agents are
reduced significantly during cellular aging, and the sen-
sitivity of aging cells to toxic agents including antibiotics,
phorbol esters, radiation, and heat shock increases.44 In
normal wound healing, fibroblasts are recruited from the
surrounding intact tissue into the granulation tissue to
proliferate, and mitogenesis is critical for wound repair.
Fibroblast proliferation is regulated by activation of the
EGF-R, the levels of which in dermal fibroblasts have
been seen to decline in aging related to alterations in
receptor processing and reduced EGF-R mRNA tran-
scription with this decline correlating with decreased mi-
togenic responsiveness to EGF.4,45

In addition to the regulation of cell proliferation, the
regulation of fibroblast phenotype and differentiation dur-
ing tissue injury is an important determinant of wound
healing outcomes. It is well established that activated
fibroblasts, called myofibroblasts, are ultimately respon-
sible for closure of wounds and for the formation of the
collagen-rich scar. These cells represent a subpopula-
tion of specialized fibroblasts that have developed a
contractile phenotype expressed in a number of patho-
logical settings associated with wound healing and
fibrosis.3 We have previously demonstrated an age-
dependent resistance to TGF-�1-mediated phenotypic
activation of dermal fibroblasts, a functional change
that may contribute to age-related impaired wound heal-
ing.6 We have demonstrated that phenotypic conversion
of fibroblasts to myofibroblasts is associated with major
changes in the production and metabolism of HA.46 Ac-
quisition of the myofibroblast phenotype is associated
with induction of the HAS2 isoform and accumulation of
large HA pericellular matrices. Furthermore, inhibition of
HA synthesis results in abrogation of TGF-�1-mediated
myofibroblastic phenotypic conversion.7 In addition, we
have demonstrated that maintenance of fibroblast phe-
notype also requires continued HA synthesis.47 Age-as-
sociated resistance to phenotypic activation is associ-
ated with decreased HAS2 expression and failure of its
induction by TGF-�1. Although the role of HAS2 is inte-
gral to phenotypic activation, restoration of HAS2 expres-

Figure 8. Relationship between fibroblast phenotype and age-related
changed in CD44 expression. A–F: Confluent monolayers of patient-matched
young (A, B, D, and E) and aged (C and F) dermal fibroblasts were growth-
arrested in serum-free medium for 48 hours, before addition of either serum-
free medium alone (A and D) or serum-free medium containing 10 ng/ml
TGF-�1 (B, C, E, and F). The cells were fixed and stained for �-SMA (A–C)
or CD44 (D–F). Cells were mounted in Vectashield fluorescent mountant and
viewed under UV light. Representative images of three individual experi-
ments using cells isolated from three different donors are shown. Original
magnification: �100. G: Monolayers of patient-matched young and in vitro
aged dermal fibroblasts were growth-arrested in serum-free medium for 48
hours, before addition of either serum-free medium alone (white bars) or
serum-free medium containing 10 ng/ml TGF-� (black bars). Total mRNA
was extracted, and CD44 expression was assessed by RT-Q-PCR. Ribosomal
RNA expression was used as an endogenous control, and gene expression
was assessed relative to in vitro aged control cells. The comparative CT

method was used for relative quantification of gene expression, and the
results represent the mean � SE of nine individual experiments using cells
isolated from three different donors. Statistical analysis was performed by
Student’s t-test.
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sion in aged cells failed to rescue the myofibroblastic
phenotype.6

This article demonstrates that, in addition to HAS2,
functional EGF-R is required for TGF-�1-stimulated phe-
notypic activation of fibroblasts, and both are lost with in
vitro aging. Furthermore, the results demonstrate the
need for a synergistic activation of TGF-� receptor-asso-
ciated signaling and indirect activation of the EGF-R by
TGF-�1. This synergy is supported by suppression of
TGF-�1-driven phenotypic activation by either inhibition
of Smad signaling or inhibition of the activity of the EGF-R
using AG1478. These data therefore further emphasize
the importance of the age-dependent decrease in the
expression of EGF-R in age-dependent alterations in fi-
broblast functions such as proliferation as well as regu-
lation of phenotypic activation, two aspects of dermal
fibroblast behavior that are fundamentally important to
wound healing. The data also suggest that activation of
the EGF-R is related to TGF-�1-dependent stimulation of
EGF. Age-associated decreased activation of the EGF-R
is related to both decreased expression of EGF-R, as
demonstrated previously,4 and also abrogation of TGF-
�1-stimulated EGF synthesis. In support of this result we
were able to partially restore age-dependent TGF-�1
phenotypic activation by overexpression of the EGF-R
and costimulation with TGF-�1 and EGF.

With regard to the role of HAS2-dependent HA regu-
lation in the regulation of fibroblast phenotypic activation,
the data presented build on our previously published
results, demonstrating loss of HAS2 induction by TGF in
aged cells.6 We now report that HAS2-dependent HA

synthesis is regulated by EGF-R signaling, as pharmaco-
logical blockade by AG1478 attenuates its TGF-depen-
dent up-regulation. Furthermore, the data suggest that
EGF represents an intermediate signaling molecule for
TGF-�1-dependent induction of HAS2. The involvement
of the EGF-R pathway was implicated previously in me-
diation of HA synthesis in epidermal keratinocytes,37 and
here we demonstrate that age-associated EGF-R loss
may directly disrupt HAS2-dependent HA accumulation.

The data presented also suggest that HA itself facili-
tates subsequent EGF-R signaling, which may occur in a
ligand/EGF-independent way. The potential involvement
of HA and its principle receptor CD44 in modulation of
EGF-dependent responses is well recognized in tumor
cells. For example, in the absence of exogenous EGF, the
EGF-R can be directly activated by HA through EGF-R
interactions with CD44.40 In the context of wound healing,
EGF-dependent motogenic responses of dermal fibro-
blasts require functionality of the HA receptor CD44.48

The relationship between EGF signaling and HAS2-de-
pendent HA synthesis, however, has not been previously
explored in the context of age-associated defects in
wound healing and fibroblast function. The demonstra-
tion that the need for exogenous EGF could be overcome
by overexpression of HAS2 in this study also suggests
that the EGF-R could be activated by the extracellular
matrix polysaccharide HA, although whether this activa-
tion is the result of direct receptor activation or occurs
through HA-dependent activation of its own receptor re-
mains to be determined. CD44 is the main hyaluronan-
binding receptor and with HA it participates in many vital

Figure 9. Colocalization of CD44 and EGFR and
impact of HA disruption. A: Western blot analy-
sis of the association of CD44 and EFGR recep-
tors. Cell protein was extracted from confluent
monolayers of serum-deprived young dermal fi-
broblasts exposed to either serum-free medium
alone (lane 1) or serum-free medium containing
10 ng/ml TGF-�1 in isolation (lane 2) or in com-
bination with hyaluronidase (Hyal) (200 �g/ml)
(lane 3) or 4MU (0.5 mmol/L) (lane 4) for 30
minutes. Subsequently samples were immuno-
precipitated (IP) with anti-CD44 antibody, fol-
lowed by immunoblotting with anti-EGF-R anti-
body. Specificity of immunoprecipitation was
confirmed by negative control reactions per-
formed with an IgG control (lane 5). B–Q: Im-
munohistochemical analysis of CD44 and EGF-R
colocalization. Confluent monolayers of patient-
matched young (B–I) and aged (J–Q) dermal
fibroblasts were growth-arrested in serum-free
medium for 48 hours, before addition of either
serum-free medium alone (B–E and J–M) or se-
rum-free medium containing 10 ng/ml TGF-�1
(F–I and N–Q). Cells were fixed and the expres-
sion of CD44 (C, G, K, and O) and EGF-R (D, H,
L, and P) was examined by confocal section
series using the Leica TCS SP2 AOBS confocal
microscope, and their association was examined
by merging of individual images (E, I, M, and
Q). CD44 label is red, EGF-R is green, nuclei are
counterstained blue with 4,6-diamidino-2-phe-
nylindole (B, F, J, and N), and colocalization is
represented by yellow. Arrows indicate colocal-
ization at different magnification.

Changes in Fibroblast Phenotype with Age 1225
AJP March 2010, Vol. 176, No. 3



functions such as migration, adhesion proliferation, and
differentiation. Using a CD44-specific siRNA strategy, we
showed that down-regulation of CD44 inhibits HA-medi-
ated phenotypic activation of young cells. With age, there
is a failure of CD44 relocalization, which in the young
cells, is associated with TGF-�1 stimulation and pheno-
typic activation. In the young cells, this relocalization is
associated with colocalization of CD44 and EGF-R as
demonstrated by our immunoprecipitation and immuno-
histochemistry. Inhibition of HA synthesis, however, pre-
vents colocalization of CD44 and EGF-R, suggesting that
HA binding to CD44 directly regulates this functional
coupling. Taken together these data demonstrate that HA
may drive an increase in the association of CD44 and the
EGF receptor, which subsequently facilitates EGF-R sig-
naling. Disruption of this mechanism due to a deficit in
HAS2 and EGF-R contributes to age-related impair-
ment of fibroblast to myofibroblast activation because
overexpression of both components in aged cells re-
stores phenotypic activation with associated restora-
tion of CD44-EGF-R colocalization as illustrated by our
immunofluorescence data.

Previous studies on the pathogenesis of head and
neck squamous cell carcinomas have demonstrated di-
rect activation of EGF-R tyrosine kinase activity by the
addition of exogenous HA, which in turn stimulates down-
stream MAPK (in particular ERK1 and ERK2) pathways
and carcinoma cell growth.40 As with our data this was
coupled with an increase in the association of CD44 and
the EGF-R. Studies in rat hepatocytes have demonstrated
an age-related decline in EGF-stimulated MAPK activa-
tion and in particular ERK2 is associated with an age-
related decline in proliferative capacity.49 Consistent with
these studies, we have demonstrated phosphorylation of
ERK1 and ERK2 downstream of EGF-mediated EGF-R
activation because AG1478 and anti-EGF antibody sup-
pressed ERK1/2 phosphorylation. The activation pattern
of ERK1/2 was rapid and short-lived in response to TGF-
�1, but, despite this, using the ERK inhibitor PD98059 we
clearly demonstrated the significance of this pathway in
phenotypic conversion. TGF-�1-dependent activation of
ERK1/2 is dependent on HA and CD44 because HA
disruption or CD44 inhibition using an anti-CD44 blocking
antibody suppressed ERK1/2 phosphorylation. Further-
more, consistent with the age-dependent decrease in
EGF-R expression and its association with CD44, there is
an age-dependent decrease in TGF-�1-dependent acti-
vation of ERK1 and 2. This signaling pathway is, however,
distinct from EGF/ligand activation of EGF-R, because
CD44 blockade, although it inhibits ERK1/2 phosphory-
lation, does not influence HAS2 expression, which is also
EGF-R-dependent.

Figure 11. Proposed model for the signal transduction pathways involved in
TGF�1-mediated fibroblast-myofibroblast differentiation. In young dermal
fibroblasts TGF-�1-dependent phenotypic activation uses two distinct but
cooperating pathways that involve TGF-� receptor (TGF-�R)/Smad2 activa-
tion and EGF-mediated EGF-R/ERK1/2 signaling, and the latter is compro-
mised with in vitro aging. We propose that induction of HAS2-dependent HA
is mediated through EGF-R via EGF and subsequent binding of HA to CD44
facilitates its association with the EGF-R. This association triggers phosphor-
ylation of the p42/p44 MAPKs, ERK1 and ERK2, necessary for promoting
cellular differentiation. Various aspects of this signaling cascade (underlined
and highlighted in italic text) are impaired with in vitro aging. This impair-
ment includes decreased expression of EGF-R, suppression of TGF-�1-
dependent EGF synthesis, and a resultant failure of induction of HAS2-
dependent HA. We propose that deficient HA-CD44 interaction leads to loss
of CD44-EGFR colocalization and subsequent downstream ERK signaling.
Collectively, age-related defects in this pathway confer resistance to cellular
differentiation, and this may play an important role in age-related impaired
wound healing.

Figure 10. Effect of HAS2 and EGF-R overexpression in aged cells on
colocalization of CD44 and EGF-R. A–L: Aged dermal fibroblasts were trans-
fected either with GFP (mock transfected) (A–C), HAS2-pCR3.1 (HAS2 trans-
fected) (D–F), EGF-R-pCR3.1 (EGF-R transfected) (G–I), or the combination
of HAS2-pCR3.1 and EGF-R-pCR3.1 (J–L). Cells were growth-arrested in
serum-free medium for 48 hours before addition of serum-free medium
containing 10 ng/ml TGF-�1 for a further 72 hours. The cells were fixed, and
the expression of CD44 (red) and EGF-R (green) was examined by immu-
nocytochemical analysis and their association was examined by merging of
individual images (yellow). In merged images 4,6-diamidino-2-phenylindole
was used to visualize the nuclei (blue). Original magnification: �100. M: con-
fluent monolayers of young dermal fibroblasts were growth-arrested in se-
rum-free medium for 48 hours, before addition of either serum-free medium
alone or serum-free medium containing 10 ng/ml TGF-�1 as indicated for 10
minutes in the presence or absence of a blocking antibody to CD44 (final
concentration 5 �g/ml). Cell lysates were prepared and subjected to Western
blot analysis for the phosphorylated form of ERK1/2.
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When phosphorylated, ERK may translocate to the
nucleus and activate transcription factors such as signal
transducer and activator of transcription 3, which has
been reported to facilitate expression of HAS2, hyaluro-
nan synthesis, and CD44 expression in epidermal kera-
tinocytes.50 In a recent study HAS2 activation was reported
to be downstream of ERK signaling,51 but although this
mechanism may provide a more rational explanation for
the rapid activation of ERK demonstrated in this article,
use of the ERK inhibitor PD98059 had no impact on HAS2
induction (data not shown). Collectively the results of the
current study suggest that HA-dependent CD44-EGFR
signaling is a prerequisite for ERK signaling and subse-
quent phenotypic activation in fibroblasts. Further inves-
tigation is needed, therefore, to elucidate the signaling
events downstream of ERK1/2 activation and the kinetics
involved in regulation of fibroblast phenotype by TGF-�1
together with the interactions of the various signaling
intermediates (EGF-HAS2-HA-CD44-EGF-R) implicated
in this study.

The EGF-R is a transmembrane glycoprotein that con-
stitutes one of four closely related members of the erbB
family of tyrosine kinase receptors: EGF-R (ErbB-1),
HER2/c-neu (ErbB-2), Her 3 (ErbB-3), and Her 4 (ErbB-
4).52 Although this study has focused on EGF-R (ErbB-1),
its potential for interaction with other members of the erbB
superfamily has been demonstrated.53 There is growing
evidence that in glioma cell lines, for example, there is
dual interaction with CD44 by both EGF-R and ErbB-2
that is comparable with the mechanism proposed in this
communication.27 Furthermore, ErbB-2-ERK signaling
and HAS regulation are functionally coupled in human
ovarian tumor cells.51 It would therefore be interesting to
extend the present data to include the regulation of fibro-
blast phenotype by HER2.

In the current study and consistent with our previous
observations,36 Smad2 but not Smad3 activation was
demonstrated to be essential for TGF-�1-mediated cel-
lular activation. TGF-�1 mobilizes both Smad-dependent
and Smad-independent signaling.24 In the current study
we have demonstrated that activation of Smad2 and
EGF-R/ERK1/2 pathways work in a complementary way
to coordinate TGF-�1-mediated �-SMA induction. Phos-
phorylation of Smad2 was not affected by the anti-EGF
antibody AG1478, HA disruption by hyaluronidase, or
4MU, signifying that Smad signaling is independent of
EGF-R signaling and its modulation by HA. Consistent
with this finding is the divergent effect of aging on these
pathways as the TGF-�1-dependent activation of Smad is
unaffected by cellular aging. We and others have dem-
onstrated that cross-talk between ERK MAPK and Smad
signaling pathways may enhance TGF-�1-dependent re-
sponses in other cell systems.54,55 To our knowledge this
is the first time that the synergistic involvement of these
signaling pathways has been implicated in the impaired
regulation of dermal fibroblast-myofibroblast activation in
the context of cellular aging.

In summary, the data presented provide a mechanism
to explain age-dependent resistance of dermal fibro-
blasts to phenotypic activation. Figure 11 illustrates our
current proposed model.

TGF-�1-dependent fibroblast-myofibroblast differenti-
ation involves two distinct but cooperating pathways that
involve TGF-�1-Smad2 activation and HA-dependent
EGF-R-ERK1/2 signaling and the latter is compromised
during in vitro aging. In a young cell TGF-�1-mediated
activation of EGF-R via EGF is associated with accumu-
lation of HAS2-induced HA. We propose that binding of
HA to its receptor CD44 promotes its association with
EGF-R, leading to ERK1/2 phosphorylation and subse-
quent cellular differentiation. With age, numerous as-
pects of this process are impaired, including decreased
expression of EGF-R, suppression of TGF-�1-dependent
EGF synthesis, and the resultant failure of induction of
HAS2. The result of this is selective impairment of the
ERK1/2 signaling pathway and resistance to phenotypic
maturation. These findings may have a direct implication
in impaired wound healing associated with aging. Our
data add further support to the hypothesis that the matrix
polysaccharide HA is a key component of the regulation
of fibroblast phenotype and that its dysregulation may be
casually related to age-dependent failure of a fibroblast
to acquire a myofibroblastic phenotype.
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