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Abstract

Previous studies have shown that the transforming growth factor (TGF)b/Alk1/Smad1 signaling pathway is constitutively activated in a subset
of systemic sclerosis (SSc) fibroblasts and this pathway is a critical regulator of CCN2 gene expression. Caveolin-1 (cav-1), an integral mem-
brane protein and the main component of caveolae, has also been implicated in SSc pathogenesis. This study was undertaken to evaluate the
role of caveolin-1 in Smad1 signaling and CCN2 expression in healthy and SSc dermal fibroblasts. We show that a significant subset of SSc der-
mal fibroblasts has up-regulated cav-1 expression in vitro, and that cav-1 up-regulation correlates with constitutive Smad1 phosphorylation. In
addition, basal levels of phospho-Smad1 were down-regulated after inhibition of cav-1 in SSc dermal fibroblasts. Caveolin-1 formed a protein
complex with Alk1 in dermal fibroblasts, and this association was enhanced by TGFb. By using siRNA against cav-1 and adenoviral cav-1 over-
expression we demonstrate that activation of Smad1 in response to TGFb requires cav-1 and that cav-1 is sufficient for Smad-1 phosphoryla-
tion. We also show that cav-1 is a positive regulator of CCN2 gene expression, and that it is required for the basal and TGFb-induced CCN2
levels. In conclusion, this study has revealed an important role of cav-1 in mediating TGFb/Smad1 signaling and CCN2 gene expression in
healthy and SSc dermal fibroblasts.
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Background

Systemic sclerosis is an autoimmune connective tissue disease char-
acterized by vasculopathy and tissue fibrosis. Although the exact
pathogenetic mechanism leading to SSc manifestations is currently
unknown, increasing evidence implicates activation of the TGFb path-
way in the disease process.

The TGFb is a pleiotropic growth factor with important roles in tis-
sue homeostasis that has been implicated in cell proliferation, differ-
entiation, apoptosis, extracellular matrix deposition and cell motility.
Deregulated TGFb signaling has been linked to various pathological
processes, including tissue fibrosis, cancer and metastasis. Canonical
TGFb signaling is accomplished through ligand binding to its cognate
receptor TGFbRI/Alk5, which in turn binds and activates TGFbRII,

leading to recruitment of Smad2/3, phosphorylation and nuclear
translocation. Several recent reports have described additional, non-
canonical TGFb pathways, including the endoglin/Alk1/Smad1, PI3K/
Akt, Erk1/2, PKCd/c-abl/Fli1 pathways, and there is evidence that
these pathways are important contributors to SSc pathogenesis [1–
5]. In endothelial cells and dermal fibroblasts, activation of Smad1 in
response to TGFb involves the Alk1 and Alk5 types of TGFbRI, as well
as the type III TGFb receptor endoglin [1, 6–8]. Constitutive Smad1
phosphorylation was reported in a subset of SSc dermal fibroblasts
and increased endoglin expression was also shown in these cells
in vitro. Furthermore, the increases in endoglin and phospho-Smad1
correlated with higher expression of the pro-fibrotic marker CCN2
(connective tissue growth factor) [1, 3].

CCN2 is a member of the CNN family of matrix-associated pro-
teins encoded by immediate early genes that play important roles
in embryonic development, differentiation, angiogenesis, chondro-
genesis and wound healing. CCN2 is an important mediator of TGFb
in the induction of type I collagen and is overexpressed in various
types of fibrotic diseases, including SSc, thus being considered a
major player in fibrosis [9].
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Caveolin-1 is a ubiquitously expressed scaffolding membrane pro-
tein and a major structural component of caveolae. Caveolae are
membrane invaginations that serve as organizing centres, participat-
ing in signal transduction. Through its scaffolding sequence, cav-1
can either sequester signaling molecules, down-regulating receptor
activities, or can contribute to assembling of signaling molecules,
facilitating their function. Cav-1 has inhibitory effects on the majority
of interacting proteins, resulting in down-regulation of various signal-
ing pathways, including ERK1/2, eNOS and EGFR [10]. Several excep-
tions have been reported: cav-1 up-regulates insulin receptor
signaling and activates the Pi3K/Akt pathway [11, 12]. Caveolae have
also been implicated in cholesterol and vesicular trafficking. Internali-
zation of cell surface receptors is mediated via two major endocytic
pathways: clathrin-mediated endocytosis and lipid-raft/caveolae-med-
iated endocytosis. Internalization of TGFb receptors via clathrin-
coated pits into the early endosome promotes TGFb/Smad3 signaling
while lipid-raft/caveolar internalization promotes Smad7-Smurf
dependent receptor degradation, thus inhibiting the canonical TGFb
signaling [13].

The Cav-1 down-regulation has been previously implicated in the
pathogenesis of lung fibrosis, both for idiopathic pulmonary fibrosis
and SSc-associated interstitial lung disease [14, 15]. Thus, in SSc
lung fibroblasts, low levels of cav-1 were linked to constitutive activa-
tion of JNK, ERK, and Akt signaling, leading to overexpression of the
profibrotic markers collagen and alpha smooth muscle actin [16].
Previous studies by Del Galdo and collaborators in dermal fibroblasts
have shown that cav-1 is down-regulated in SSc skin, contributing to
increased collagen deposition via activation of the canonical TGFb
pathway [17]. Although in fibroblasts and epithelial cells association
of cav-1 with the Alk5 TGFb type I receptor inhibits signaling through
Smad2/3 [18], the effects of cav-1/Alk1 association in dermal fibro-
blasts are currently unknown. This study was undertaken to deter-
mine the role of cav-1 in TGFb/Alk1/Smad1 signaling in normal and
SSc dermal fibroblasts and to evaluate its functional significance. We
found that in normal and SSc dermal fibroblasts cav-1 promotes
TGFb/Smad1 signaling and that cav-1 is a positive regulator of CCN2
gene expression.

Materials and methods

Reagents

The following antibodies were used: monoclonal b actin (Sigma-Aldrich,

St. Louis, MO, USA), anti-cav-1 (Santa Cruz Biotechnology, Santa Cruz,
CA, USA), anti-ALK1 (Santa Cruz Biotechnology), anti-CTGF (Santa Cruz

Biotechnology), goat anti-type-1 collagen (Southern Biotech, Birming-

ham, AL, USA), anti-SMAD1/5/8 (Cell Signaling, Beverly, MA, USA),

anti-phospho-SMAD1/5(S463/465)/SMAD8(S426/428) (Cell Signaling),
DMEM and 1009 Antibiotic-Antimycotic solution (penicillin streptomycin

and amphotericin B) were obtained from Gibco BRL (Grand Island, NY,

USA). Foetal bovine serum was purchased from HyClone (Logan, UT,

USA). Enhanced chemiluminescence reagent and bovine serum albumin
(BSA) protein assay reagent were obtained from Pierce (Rockford, IL,

USA).

Cell culture

Human dermal fibroblast cultures were established from biopsy speci-
mens obtained from the dorsal forearms of SSc patients with diffuse

cutaneous disease and from age, race and gender-matched healthy

donors, upon informed consent and in compliance with the Institutional

Review Board. Dermal fibroblasts were cultured from the biopsy speci-
mens as described previously [19]. Normal and SSc skin fibroblasts

were cultured in DMEM supplemented with 10% FBS and 1% antibiotic-

antimycotic solution.

Adenovirus transfection

The Ad-Caveolin-1 human adenovirus and the Ad-Alk1 human adenovi-
rus utilizing CMV promoters and the Ad-luciferase control vector were

purchased from Vector Biolabs (Philadelphia, PA, USA). Dermal fibro-

blasts were grown to 80–90% confluence, changed to serum free

media, and treated with adenovirus for 48 hrs before mRNA was col-
lected.

RNA interference

SMARTpool siRNA against Caveolin-1 was purchased from Dharmacon

RNA Technologies (Lafayette, CO, USA). Negative-control siRNA and Hi-

perfect siRNA transfection reagent were purchased from Qiagen (Ger-
mantown, MD, USA). Dermal fibroblasts were grown to 70–80%
confluence and transiently transfected using 50 nM of gene-specific

siRNA, or scrambled non-silencing siRNA. Transfection was performed

in serum containing media according the manufacturer’s protocol, and
5 hrs later cultures were changed to serum free DMEM containing

0.1% BSA, and left for 72 hrs. A second transfection was performed in

the same manner, and cell lysates were collected 72 hrs later.

Western blot analysis

Cells were collected and washed with PBS. Cell pellets were suspended
in lysis buffer containing 20 mM Tris-HCl, pH 7.5, 15 mM NaCl, 1 mM

EDTA, 1 mM EGTA, 1% Triton X-100, 2.5 mM sodium pyrophosphate,

and 1 mM glycerophosphate with freshly added phosphatase inhibitors

(5 mM sodium fluoride and 1 mM Na3VO4) and a protease inhibitor
mixture (Sigma-Aldrich). Protein concentration was quantified using the

BCA Protein Assay kit (Pierce). Equal amounts of total protein for each

sample were separated via SDS-PAGE and transferred to nitrocellulose
membranes (Bio-Rad, Hercules, CA, USA). Membranes were blocked in

2% milk in TBST for 1 hr and incubated with primary Ab overnight at

4°C. After TBST washes, membranes were probed with HRP-conjugated

secondary Ab against the appropriate species for 1 hr at room tempera-
ture. Protein was visualized using ECL reagent (Amersham Biosciences,

Piscataway, NJ, USA).

Immunoprecipitation

Whole cell lysates prepared in lysis buffer as described above were pre-

cleared with antimouse IgG-coated beads (protein G-Sepharose beads;
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GE Healthcare, Uppsala, Sweden) for 2 hrs, and incubated on a rotator
overnight in monoclonal mouse anti-Alk1 primary antibody at 4οC.

Twenty-five microlitres of new beads were added and lysates were

again rotated for 24 hrs at 4°C. Beads were spun down and washed

four times with lysis buffer, boiled for 3 min. in loading buffer, and
loaded on a 10% SDS-PAGE gel for Western blot analysis.

Immunohistochemistry

The study group consisted of seven patients with diffuse cutaneous

scleroderma (SSc) and eight healthy volunteers (NS) (Table 1). Upon
obtaining informed consent and in compliance with the Institutional

Review Board for Human Studies, skin biopsy samples were obtained

from the affected areas (dorsal forearm) of the SSc patients. Skin

biopsy samples were embedded in paraffin and used for immunohisto-
chemistry. Five-micrometre sections were cut and mounted on Fisher-

brand Superfrost Plus Microscope Slides (Fisher Scientific, Pittsburg,

PA, USA). Slides were deparaffinized using Histoclear, and passed

through a graded alcohol series of decreasing percentage of ethyl alco-
hol in water. Antigen unmasking was performed for 1 min. in a pres-

sure cooker containing boiling water and antigen unmasking solution

(Vector, Burlingame, CA, USA). Slides were washed in PBS and treated

with 0.3% hydrogen peroxide for 30 min. to block endogenous peroxide
activity, and then washed again in PBS. Blocking was performed with

normal horse serum in PBS for 1 hr. Tissue was then incubated in pri-

mary antibody overnight at 4°C in a humidified chamber using mouse
anti-caveolin-1 (sc-53564; Santa Cruz Biotechnology) at a concentration

of 1:2000 in blocking solution. Primary antibody binding sites were

detected by incubation with a biotinilated antimouse IgG antibody at a

concentration of 1:200 in blocking solution. Biotin labelled antibody was
detected using the Vectastain ABC kit (Vector), and the sites of peroxi-

dase activity were visualized by using diaminobenzidine (DAB). The sec-

tions were then counterstained with haematoxylin. Immunostaining was

detected by using light microscopy. Normal mouse IgG was used as a
negative control (data not shown). Quantification was performed by two

independent observers, and the intensity of staining was recorded for at

least 200 individual fibroblasts using a scale of 0–3 (0 = no visible DAB
staining, 1 = faint staining observable, 2 = clear brown staining,

3 = dark brown staining). The average intensity of fibroblast DAB stain-

ing was calculated based on images from random fields throughout the

dermis of the whole tissue section. All the blood vessels observable in
the section were quantified for caveolin-1 staining using the same scale,

but counting the entire vessel as one unit.

Results

SSc fibroblasts with constitutive Smad1
phosphorylation have elevated cav-1 expression

We evaluated the expression levels of cav-1, phospho-Smad1 and
total Smad1 in SSc dermal fibroblasts. Age, race, and gender-
matched normal and SSc cells were grown to confluence then serum
starved overnight, followed by Western blot analysis of the protein
levels of total and phospho-Smad1, and of cav-1. Representative
results are presented in Figure 1, showing that the majority (approxi-

mately 80%) of SSc cell lines tested had higher levels of cav-1 when
compared with their matched controls, and this was also confirmed
at the mRNA level (data not shown). Confirming our previously pub-
lished data, we found up-regulation of phosphorylated Smad1 in most
of the SSc cell lines. Interestingly, cav-1 levels were up-regulated in
cells with constitutive Smad1 activation, whereas cells with low phos-
pho-Smad1 levels had decreased cav-1 gene expression. The positive
correlation suggested a direct causal relationship between the expres-
sion levels of cav-1 and Smad1 activation in SSc dermal fibroblasts.

Alk1 interacts with cav-1 in human dermal
fibroblasts and TGFb enhances this association

Our previous studies showed that, similar to endothelial cells, TGFb-
mediated activation of Smad1 in dermal fibroblasts is dependent of
the Alk1-TGFb type I receptor. To further explore the potential role of
cav-1 in Smad1 activation in dermal fibroblasts we used co-immuno-
precipitation to investigate the interaction between cav-1 and Alk1.
Figure 2A shows that immunoprecipitation of Alk1 resulted in co-
immunoprecipitation of cav-1, thus suggesting complex formation
between these two proteins. To assess the role of TGFb on the asso-
ciation of Alk1 with cav-1, we treated dermal fibroblasts with Alk1-
overexpressing adenovirus in the presence or absence of TGFb. Thus,
quiescent cells were transduced with the virus for 48 hrs then treated
for 15 min. with 2.5 ng/ml of recombinant human TGFb. Treatment
of cells with TGFb enhanced the association between cav-1 and Alk1
(Fig. 2B), further supporting a role for cav-1 in TGFb/Alk1/Smad1 sig-
naling.

Cav-1 is required and sufficient for Smad1
signaling in human dermal fibroblasts

We next sought to evaluate the role of cav-1 in activation of the TGFb/
Alk1/Smad1 pathway by loss and gain of function assays. First we
determined the effects of cav-1 depletion on basal levels of phospho-
Smad1 in SSc and healthy dermal fibroblasts. To do this, we
decreased endogenous levels of cav-1 using specific cav-1 siRNA oli-
gos, and examined by using Western Blot the levels of phospho-
Smad1. As presented in Figure 3A, a 50% depletion of cav-1 resulted
in significant down-regulation of phospho-Smad1 levels, both in SSc
and normal dermal fibroblasts. To determine if cav-1 is required for
TGFb-induced Smad1 phosphorylation, we suppressed endogenous
cav-1 expression in the presence and absence of TGFb. Depletion of
cav-1 in human dermal fibroblasts completely abrogated phosphory-
lation of Smad1 by TGFb, suggesting that cav-1 is required for activa-
tion of the TGFb/Smad1 pathway (Fig. 3B).

To investigate the role of cav-1 in various cellular processes, most
published studies have used a cell permeable cav-1 scaffolding
domain peptide (C1-SD82-101). Although this peptide was shown to
mimic the effects of cav-1 protein on several signaling pathways,
there is evidence suggesting that the cav-1 scaffolding domain is not
sufficient to fully reproduce cav-1 functions, and it may even have
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inhibitory effects on cav-1 signaling [20, 21]. To further confirm the
role of cav-1 in Smad1 activation we next examined the effects of full-
length cav-1 overexpression in human dermal fibroblasts. For this,
we transduced cells with an adenoviral vector overexpressing cav-1
(cav1-Ad) or with a control virus expressing luciferase (Luc-Ad).
Cav1-Ad induced cav-1 expression in a dose dependent manner
(Fig. 3C). Consistent with the siRNA results, cells with overexpres-
sion of cav-1 showed a dose-dependent increase in Smad1 activation,
as seen by measuring the levels of phosphorylated Smad1, even in
the absence of TGFb stimulation. Taken together, these results dem-
onstrate for the first time that cav-1 is a positive regulator of the
TGFb/Alk1/Smad1 signaling pathway in human dermal fibroblasts.

Cav-1 is a positive regulator of CCN2 gene
expression in healthy dermal fibroblasts

Previous reports indicate that CCN2 expression is increased in SSc
dermal fibroblasts at the mRNA and protein levels [22]. In our recent
studies CCN2 expression correlated with activation of Smad1 in SSc
dermal fibroblasts and depletion of Smad1 using siRNA in these cells
resulted in normalization of CCN2 levels [3]. We next wanted to inves-
tigate whether or not cav-1 has a role in CCN2 gene expression in
human dermal fibroblasts. To do this, we overexpressed full-length
cav-1 in healthy dermal fibroblasts and evaluated effects on activation
of Smad1 and expression levels of CCN2. Up-regulation of cav-1 to
physiologically expressed levels (2- to 4-fold) induced a prominent
Smad1 activation, accompanied by up-regulation of the CCN2 protein
levels (Fig. 4A), thus suggesting that cav-1 is a positive regulator of
CCN2 gene expression in human dermal fibroblasts. CCN2 is potently
and rapidly induced by TGFb at the transcriptional level, and pub-
lished studies show that CCN2 is required for TGFb-mediated up-reg-
ulation of collagen. Thus, we next tested whether or not cav-1 is
required for TGFb-induced CCN2 gene expression. Healthy human
dermal fibroblasts were transiently transfected with siRNA oligos
against cav-1 or scrambled siRNA oligos. After 72 hrs, cells were fur-
ther treated with 2.5 ng/ml of recombinant TGFb1 and then cell pel-
lets were collected after an additional 48-hr incubation. Cav-1 siRNA

treatment efficiently depleted cav-1 protein levels by more than 80%.
Confirming previously published reports showing that TGFb nega-
tively regulates cav-1, TGFb treatment further decreased cav-1 levels
(Fig. 4B). Cells depleted of cav-1 had low basal and TGFb-induced
CCN2 protein levels, thus further confirming the positive role of cav-1
in CCN2 gene expression. Although cav-1 siRNA treatment reduced

Fig. 1 Scleroderma fibroblasts with constitutive Smad1 phosphorylation have high levels of cav-1 Primary cultures of human dermal fibroblasts from

matched pairs of normal (N1-5) and diffuse scleroderma patients (S1-5) were grown to subconfluence and lysates were analysed by Western blot

for caveolin-1 (cav-1), Smad1, phospho-Smad1, and b-actin.

Fig. 2 Association between cav-1 and TGFb-RI/Alk1 in dermal fibro-

blasts. (A) Primary cultures of human dermal fibroblasts were grown to
subconfluence and serum starved for 24 hrs. Protein from whole cell

lysate was subjected to immunoprecipitation using mouse anti-Alk1

antibody (Alk1), and cav-1 was detected by immunoblotting using rabbit

anti-caveolin-1 antibody (caveolin 1). The specific cav-1 protein appears
in a band at 22 kD. (B) Alk1 was up-regulated in human dermal fibro-

blasts using adenovirus mediated overexpression, and cells were serum

starved for 24 hrs and treated with TGFb for 15 min prior to collection
of whole cell lysates. Immunoprecipitation was again performed using

mouse anti-Alk1 antibody, and caveolin-1 levels were detected by wes-

tern blot of the Alk1 bound fraction (top panel), and input whole cell

lysate (bottom panels). Western blot of whole cell lysate was stripped
and reprobed for b-actin as a loading control.
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CCN2 expression, depletion of cav-1 did not completely prevent CCN2
induction by TGFb, suggesting that other non-cav-1 dependent mech-
anisms may contribute to TGFb-stimulated CCN2 gene expression.

Expression of cav-1 in SSc skin
in vivo

As the majority of SSc cell lines express higher levels of cav-1 than
matched, healthy dermal fibroblasts (Fig. 1), we next examined cav-1
in the skin of seven SSc patients and eight healthy controls, using
immunohistochemistry. The demographic characteristics of the
patients are summarized in Table 1. Representative staining from the
skin of SSc and healthy controls is shown in Figure 5. An average of
200 fibroblasts were counted in each specimen and scored as
described in materials and methods, and the summary of the results
is included in Table 1. Staining revealed heterogeneity of cav-1
expression among SSc and control skin sections. Although cav-1 was
expressed at high levels in blood vessels, the majority of SSc and
healthy skin fibroblasts showed low levels of cav-1 in vivo. In addi-
tion, although SSc fibroblasts had higher expression of cav-1 in cul-
ture, when matched for gender, race and age, this pattern was only
observed in some of the healthy skin biopsies (Fig. 5 and Table 1).
The average intensity of staining in blood vessels from SSc skin was
slightly decreased compared to control, however, this result did not
reach statistical significance. Our present results show that cav-1 is
neither consistently down-regulated nor up-regulated in SSc skin

in vivo. This result is in contradiction with the conclusion by Del
Galdo et al., showing that fibroblasts from SSc biopsies express cav-
1 at lower levels [17]. One potential explanation is that for that study

Fig. 3 Cav-1 promotes Alk1/Smad1 signaling and is required for the TGFb induction of Smad1 phosphorylation in dermal fibroblasts. (A) Human

dermal fibroblast cultures isolated from normal (NS) and scleroderma (SSc) patients were treated with scrambled siRNA (scr) or siRNA targeted
against cav-1 (cav-1 si) as described, and protein levels of cav-1 (cav-1), Smad1, phospho-Smad1, and b–actin were determined by Western blot.

(B) Normal human dermal fibroblast cultures were treated with scrambled siRNA or siRNA targeted against cav-1, serum starved for 24 hrs, and

treated with or without TGFb for 30 min prior to collection of cell lysates. Levels of cav-1, phospho-Smad1, and b-actin protein were detected by

Western blot. Basal P-Smad1 levels were detectable only after longer exposure compared to levels after TGFb treatment. (C) Human dermal fibro-
blasts were grown to confluence and transduced with either cav1-Ad or control adenovirus (LucAd) for 24 hrs, followed by serum starvation for

24 hrs. A dose response of cav1-Ad was performed and a dose-dependent increase in phosphorylated Smad1 was detected by Western blot.

Fig. 4 Cav-1 overexpression increases CCN2 protein levels, while cav-1

depletion decreases both endogenous and TGFb induced CCN2 protein

in normal dermal fibroblasts. (A) Human dermal fibroblasts were grown

to confluence and transduced with either cav1-Ad or control adenovirus
(LucAd) for 24 hrs, followed by serum starvation for 24 hrs. A dose of

cav1-Ad corresponding to a 2- to 4-fold increase in cav-1 protein was

used, and a representative Western blot shows levels of cav-1, Smad1,

phospho-Smad1, CCN2 and b-actin (left panel). (B) Human dermal
fibroblast cultures were treated with scrambled siRNA (scr) or siRNA

targeted against cav-1, serum starved and treated with or without TGFb
for 48 hrs prior to collection of cell lysates. Protein levels of cav-1,
CCN2, and b-actin in the lysate were determined by Western blot.
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the investigators used a small sample size of only three SSc and three
control biopsies, compared to the sample size used in our study,
which was larger (seven SSc and eight healthy biopsies).

Discussion

Activation of non-canonical TGFb signaling pathways is a well
described feature of SSc dermal fibroblasts and includes elevated
expression of Smad1 and constitutive Smad1 phosphorylation. This
study was undertaken to characterize the role of cav-1 overexpres-
sion in the constitutive activation of the TGFb/Alk1/Smad1 pathway
in SSc dermal fibroblasts. In contrast to the published observation
showing down-regulation of cav-1 in cultured skin fibroblasts from
two SSc patients [17], our data show that a significant subset of
SSc dermal fibroblasts have up-regulated cav-1 expression in vitro.
In addition, we found that constitutive Smad1 phosphorylation corre-
lates with cav-1 overexpression in these cells, that cav-1 is found in
a complex with the Smad1 specific TGFb type I receptor Alk1, and
that this association is further enhanced by TGFb treatment. Further-
more, using siRNA against cav-1 and adenovirus mediated cav-1
overexpression, we demonstrated that cav-1 is a positive regulator
of TGFb/Smad1 signaling, thus suggesting that cav-1 overexpression

in cultured SSc dermal fibroblasts is responsible for enhanced
Smad1 signaling.

Our previously published data demonstrated that similar to the
signaling complex described in endothelial cells, Smad1 activation in
dermal fibroblasts involves cooperation between the TGF-b ALK5 and
ALK1 receptors and the co-receptor endoglin [1, 8]. In this study we
show that cav-1 is also required for the activation of the Smad1 path-
way in human dermal fibroblasts. Although previous reports from
other laboratories have shown that the direct interaction of the Alk5/
TGFb type I receptor with cav-1 in caveolae results in inhibition of
canonical signaling [17], herein we demonstrate that cav-1 also asso-
ciates with Alk1 in dermal fibroblasts and promotes non-canonical
Smad1 signaling. Our results showing that cav-1 is a positive regula-
tor of TGFb/Smad1 signaling in dermal fibroblasts are in agreement
with previously published studies in vascular smooth muscle cells,
endothelial cells and hepatic stellate cells, where cav-1 was shown to
enhance Smad1 signaling [18, 21, 23]. However, in a mouse myo-
blast cell line Smad1 signaling was not affected by cav-1, and in LPS-
treated bronchial epithelial cells cav-1 down-regulation was accompa-
nied by increased Smad2/3 and unchanged Smad1 activation [24,
25], thus confirming that cav-1 influence on signaling pathways is
cell-type specific. Although our study clearly shows that in human
dermal fibroblasts cav-1 is both necessary and sufficient for Smad1

Fig. 5 Heterogeneous expression of caveolin-1 among scleroderma and control skin sections. (A) Representative images of two healthy (NS348,
NS380) and two scleroderma (SSc377, SSc379) skin biopsy sections stained with caveolin-1 antibody as described in materials and methods.

Regions containing typical fibroblasts were outlined and enlarged. (B) The intensity of staining for each individual fibroblast was quantified on

a scale of 0–3 for an average of 200 fibroblasts per section. Average fibroblast caveolin-1 levels were plotted for comparison of normal (NS)

and scleroderma (SSc) biopsies. The intensity of caveolin-1 staining in blood vessels in each section was also quantified and plotted in the
same manner.
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phosphorylation, elucidating the exact mechanism and the complex
interaction between cav-1 and components of the TGFb signaling
pathway requires further study.

We have recently shown that CCN2 is indispensable for TGF-b-
induced phosphorylation of Smad1, and that in the absence of CCN2,
TGF-b is not able to activate Smad1 signaling [26]. Furthermore, data
from our laboratory show that Smad1 is a direct activator of CCN2
gene expression, and that Smad1 is required for TGFb-induced CCN2
gene expression. This study provides new insight into the mechanism
of CCN2 gene regulation in dermal fibroblasts. We show herein that
cav-1 is a positive regulator of CCN2 protein levels, and that it con-
tributes to basal and TGFb-induced CCN2 gene expression. Our
results are in agreement with previously published studies in hepato-
cytes demonstrating that cav-1 can induce CCN2 gene expression via
activation of the non-canonical TGFb/Akt signaling pathway [23].
Although Akt signaling is also enhanced by cav-1 in dermal fibro-

blasts, leading to collagen up-regulation, it is unlikely that this would
contribute to increased CCN2 gene expression, because we have pre-
viously shown that Akt negatively regulates CCN2 in dermal fibro-
blasts [27]. Although cav-1 most probably induces CCN2 via
activation of Smad1 signaling, we cannot exclude the possibility that
other signaling pathways affected by cav-1 could also contribute to
this effect. Further supporting this hypothesis, cav-1 down-regulation
only partially prevented CCN2 induction by TGFb. Additional studies
are required to completely understand the mechanism of cav-1-
induced CCN2 gene expression.

Decreased levels of cav-1 have been previously reported in lung
fibrosis for both idiopathic pulmonary fibrosis and scleroderma inter-
stitial lung disease, and cav-1 down-regulation has been shown to
contribute to the pathogenesis of fibrotic lung disease. Investigation
of cav-1 levels in scleroderma dermal fibroblasts has generated con-
tradictory results, one report showing increased levels in SSc [14]

Table 1 Demographic characteristics of scleroderma and control skin biopsy donors matched with caveolin-1 protein levels

Sample Avg fbl Avg bv

Demographics

Race Gender Age Skin score

Controls

NS346 0.35 1.85 AA F 38 0

NS350 0.28 0.5 AA M 57 0

NS384 0.63 2.22 C M 53 0

NS380 0.44 2.64 C F 56 0

NS348 0.14 1.6 C F 52 0

NS362 0.73 2.66 AA F 44 0

NS364 0.51 1.71 C M 54 0

NS366 0.72 3 C M 48 0

Avg controls 0.47 2.02

SSc

SSc377 0.73 1.5 C F 50 20

SSc361 0.51 2.6 AA F 49 24

SSc383 0.47 2.3 C M 59 47

SSc345 0.14 0.77 AA F 41 10

SSc365 0.69 2.77 C M 42 24

SSc347 0.09 1 C F 60 41

SSc379 0.60 1.25 C F 56 15

Avg SSc 0.46 1.74

The average caveolin-1 staining intensity in fibroblasts (avg fbl) and blood vessels (avg bv) are displayed for each control and scleroderma
biopsy section used in this study, along with the demographic characteristics and skin score of each patient. NS: healthy control; SSc: sclero-
derma; avg fbl: average fibroblasts score/sample; avg bv: average blood vessels score/sample; AA: African-American; C: caucasian.
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and another report showing down-regulation [17]. Both studies used
a relatively small sample size of only three SSc and normal control
pairs, which could explain the discrepancies. In the present study we
have examined a larger number of cell lines and found that although
cav-1 can be either under-expressed or overexpressed in SSc, the
majority of cultured SSc fibroblasts had higher levels of cav-1 than
those in their healthy matched fibroblasts. However, when we exam-
ined the levels of cav-1 in SSc skin biopsies, we found that both SSc
and healthy skin samples show heterogeneity in cav-1 staining, with
no trend towards up-regulation or down-regulation in SSc. Although
fibroblast phenotype in vivo can be influenced by communication with
other skin cell types, these influences are lost when fibroblasts are
cultured, thus potentially explaining the differences observed between
our in vivo and in vitro data. Furthermore, a change in fibroblast phe-
notype might also be due to a selection of a subpopulation of cells
with higher cav-1 expression in culture.

In conclusion, this study shows for the first time that cav-1 is a
positive regulator of Smad1 signaling and CCN2 gene expression in
human dermal fibroblasts. Furthermore, we found increased cav-1
levels in a subset of SSc fibroblasts with constitutive Smad1 activa-
tion, and down-regulation of cav-1 normalized Smad1 phosphoryla-
tion levels. Given the importance of CCN2 and Smad1 in the
pathogenesis of SSc fibrosis, a better understanding of the mecha-
nisms that are responsible for deregulated Smad1 signaling and

CCN2 expression may contribute to development of more effective
therapeutic strategies to treat this disease.
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