
Constitutive Activation of Smad Signaling and Up-regulation of
Smad-Dependent Collagen Gene Expression in Mouse
Embryonic Fibroblasts Lacking PPAR-γ:Possible Link with
Fibrosis

Asish K Ghosh*, Jun Wei, Minghua Wu, and John Varga*

Feinberg School of Medicine, Northwestern University, Chicago, Illinois

Abstract
Transforming growth factor-β (TGF-β), a potent inducer of collagen synthesis, is implicated in
fibrosis. Peroxisome proliferator-activated receptor-γ (PPAR-γ) is a nuclear hormone receptor that
regulates adipogenesis and is recognized as a pleiotropic transcription factor. We demonstrated
previously that activation of PPAR-γ by natural and pharmacologic ligands abrogated the
stimulation of collagen gene expression induced by TGF-β in skin fibroblasts. The goal of this
study was to characterize the physiologic role of endogenous PPAR-γ in regulation of TGF-β
signaling and collagen gene expression. We found that basal collagen gene expression was
markedly elevated in mouse embryonic fibroblasts (MEFs) lacking PPAR-γ and PPAR-γ ligand
15d-PGJ2 failed to reduce the elevated levels of collagen. Reconstitution of PPAR-γ null MEFs
with ectopic PPAR-γ resulted in down-regulation of COL1A2 promoter activity. In contrast to
control MEFs, PPAR-γ null MEFs displayed elevated expression of Type I TGF-β receptor TβRI,
and produced more TGF-β1. Furthermore, PPAR-γ null MEFs showed Smad2 and Smad3
phosphorylation even in the absence of stimulation by exogenous TGF-β. Constitutive Smad2/3
phosphorylation in PPAR-γ null MEFs was associated with ligand-independent interaction of
Smad3 with its cognate DNA recognition site and with p300, a coactivator previously implicated
in mediating TGF-β responses. These results indicate that absence of PPAR-γ in MEFs is
associated with constitutive up-regulation of collagen gene expression and Smad activation, at
least in part, due to autocrine TGF-β stimulation. Importantly, in scleroderma skin fibroblasts, the
levels of PPAR-γ were significantly less compared to healthy controls. Therefore, endogenous
PPAR-γ may have a physiologic role in controlling Smad-dependent Type I collagen gene
expression in fibroblasts and in tissue homeostasis.

INTRODUCTION
The synthesis of Type I collagen is stimulated by transforming growth factor-beta (TGF-β),
and abnormal TGF-β signaling is implicated in the pathogenesis of fibrosis [1].
Transforming growth factor-β signals from cell surface receptors to the nucleus via both
Smad and non-Smad pathways. Upon TGF-β receptor activation, cytoplasmic Smad2 and
Smad3 heterodimerize with Smad4, translocate into the nucleus, and activate transcription
through direct interaction with Smad-binding elements in appropriate target genes [2]. We
have previously demonstrated that TGF-β stimulation of Type I collagen (COL1A2)
transcription in fibroblasts requires cellular Smad3, and is abrogated by ectopically
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expressed Smad7 [3,4]. Furthermore, the interaction of activated Smad3 with the
acetyltransferase p300 coactivator is essential for optimal TGF-β responses [5-8].

Peroxisome proliferator-activated receptor-gamma (PPAR-γ) is a nuclear hormone receptor
and transcription factor that is essential for normal adipogenesis [9]. PPAR-γ is implicated
in diabetes, glomerulosclerosis, and atherosclerosis [10-13]. Endogenous lipids and
eicosanoids such as 15-deoxy-Δ12, 4 prostaglandin J2 (15d-PGJ2) acts as natural ligand for
PPAR-γ. Activation of PPAR-γ can also be induced by thiazolidinedione class of anti-
diabetic drugs such as troglitazone and activated PPAR-γ can enhance or repress
transcription, depending upon the target gene and cell type [14].

We previously reported that in normal skin fibroblasts, PPAR-γ ligands abrogated the
stimulation of collagen synthesis and α-smooth muscle actin expression induced by TGF-β
[15]. Ectopic expression of PPAR-γ in these cells elicited a similar response. To determine
whether ligand-induced suppression of collagen synthesis was PPAR-γ dependent or
independent, we examined the regulation of collagen gene expression in mouse embryonic
fibroblasts (MEFs) lacking PPAR-γ. Surprisingly, we observed that the level of Type I
collagen was ~6-fold higher compared to heterozygous control and PPAR-γ ligands failed to
suppress that increased collagen synthesis in the absence of PPAR-γ. Based on these
observations, we further studied the molecular basis of upregulation of basal Type I collagen
gene expression in this PPAR-γ null MEFs. Here, we report that MEFs lacking PPAR-γ
constitutively displayed elevated collagen gene expression and PPAR-γ ligand 15d-PGJ2
failed to inhibit the elevated collagen synthesis in these cells. Forced reconstitution of
ectopic PPAR-γ in these cells caused down-regulation of collagen synthesis. PPAR-γ null
MEFs showed autocrine TGF-β stimulation with enhanced TGF-β production and TGF-β
receptor expression. Furthermore, PPAR-γ null MEFs showed constitutive activation of
endogenous Smad2/3 and its interaction with p300 in the absence of exogenous ligand.
Activation of the Smad signal transduction pathway is associated with consequent up-
regulation of collagen gene expression in PPAR-γ null MEFs in the absence of exogenous
ligand. The parallel features of PPAR-γ null MEFs were seen in scleroderma skin fibroblasts
where increased autocrine TGF-β signaling is associated with elevated collagen synthesis.
Interestingly, the levels of PPAR-γ mRNA were significantly less in scleroderma patients
compared to healthy controls. Together, these results suggest the existence of autocrine
TGF-β signaling in PPAR-γ null MEFs and that endogenous PPAR-γ may have an important
physiological role in modulating the intensity of intracellular TGF-β signaling and target
gene expression.

MATERIALS AND METHODS
Reagents

Transforming growth factor-β2 (Genzyme, Framingham, MA), 15-deoxy-Δ(12,14)
prostaglandin J2 (15d-PGJ2) (both from Biomol, Plymouth Meeting, PA), and SB431542
(GlaxoSmithKline, King of Prusia, PA) were used.

Cell culture
Mouse embryonic fibroblasts (MEFs) (gift of E. D. Rosen, Beth Israel Deacones Medical
Center, Boston, MA) were established from PPAR-γ-floxed mouse embryos as described
[9]. These MEFs were maintained in Dulbecco's Modified Eagle's Medium (BioWhittaker,
Walkersville, MD) supplemented with 10% fetal bovine serum, 1% vitamins, 1% penicillin/
streptomycin and 2 mM L-glutamine. The skin fibroblasts derived from scleroderma patients
and healthy volunteers were established from biopsy specimens. All skin biopsies were
performed following the rules of Institutional Review Board for Human studies. The skin
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fibroblasts were maintained in Eagle's Minimal Essential Medium (EMEM) supplemented
with10% fetal bovine serum, 1% vitamins, 1% penicillin/ streptomycin and 2 mM L-
glutamine.

Plasmids
The 772COL1A2-CAT reporter construct contains the -772 to +58 bp fragment of the
human COL1A2 gene in front of chloramphenicol acetyltransferase (CAT) gene [16]. The
expression vector pCMX-mPPAR-γ (from C.K. Glass, University of California, San Diego,
CA) contains the full-length mouse PPAR-γ1 cDNA under the CMV promoter [10].

Transient transfection assay
At early confluence, MEFs were transiently transfected with 772COL1A2-CAT (1.25 μg/
well), mPPAR-γ expression vector and empty vector along with pRLTK-luc as internal
standard using Superfect Reagent (Qiagen, Valencia, CA). Transfected MEFs were
pretreated with 15d-PGJ2 (10 μM) or DMSO for 60 min before the addition of TGF-β (12.5
ng/ml). Following further 48 h incubation, cultures were harvested, and whole cell lysates
were assayed for their CAT activities by phase extraction procedure as described [3].
Results were normalized with protein concentration, and transfection efficiency was
monitored by measuring renilla luciferase activity in each sample.

Western analysis
Whole cell lysates were prepared from MEFs using M-Per Mammalian Protein Extraction
Buffer (Pierce, Rockford, IL). Equal amounts of proteins or aliquots of conditioned media
were resolved by electrophoresis in 4-15% Tris-Glycine gradient gels (BIORAD, Hercules,
CA), and membranes were immunoblotted with antibodies to human Type I collagen
(Southern Biotechnology, Birmingham, AL), PPAR-γ (E-8), Smad7 (N-19), Smad4 (B8),
Smad1/2/3 (H2), p300 (C-20) or actin (C-2) (all from Santa Cruz Biotech, Santa Cruz, CA ),
TβRI, phospho-Smad2 or phospho-Smad 3 (Cell Signaling, Beverly, MA).

Quantitative PCR
Total RNA was extracted from PPAR-γ heterozygous and PPAR-γ null MEFs, SSc and
healthy skin fibroblasts with TRIZOL reagent (Invitrogen Corp. Carlsbad, CA), and total
RNA (1.0 mg) was reverse transcribed for RT-PCR analysis using Superscript III first
Strand Synthesis System (Invitrogen, Carlsbad, CA). Real time PCR was performed with
SYBR®GREEN Master Mix using ABI Prism 7500 sequence detector and SDS analysis
software (PE Applied Biosystems, Forster City, CA). The following primers were used for
COL1A1: F: 5’- GACGTCCTGGTGAAGTTGGT-3’; R: 5’
CAGGGAAGCCTCTTTCTCCT-3’. TGF-β1: F: 5’TACAGCAAGGTCCTTGCCCT-3’; R:
5’- GCAGCACGGTGACGCC-3’. PPAR-γ: F: 5'-GTCAAACGAGAGTCAGCC
TTTAACG-3'; R: 5'-CCACGGAGCTGATCCCAA-3'. mGAPDH was amplified in parallel
as an internal standard. Expression values were calculated using ΔCt method, normalized
with endogenous GAPDH mRNA levels.

ELISA
At confluence, media from PPAR-γ null and PPAR-γ heterozygous MEFs was changed and
after 8 h the levels of activated TGF-β1 in supernatants were determined by ELISA (R&D,
Minneapolis, MN) according to the manufacturer's instruction.

DNA Affinity Precipitation Assays
The accumulation of Smad2/3 and p300 on the consensus Smad-binding element (SBE) was
evaluated by DNA affinity precipitation assay (DAPA) as described [7]. Briefly, MEFs were

Ghosh et al. Page 3

Biochem Biophys Res Commun. Author manuscript; available in PMC 2011 August 18.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



incubated with TGF-β for 60 min, nuclear extracts were prepared, and equal amount of
proteins (~200 μg) were incubated with biotin-labeled double-stranded
deoxyoligonucleotides (3 μg) harboring the SBE sequences. After 30 min, 40 μl of
streptavidin-agarose beads (4%) with 50% slurry (Sigma, St Louis, MO) was added, and
mixtures were incubated at 4°C for 45 min on a rotator. The streptavidin-agarose beads were
then precipitated by centrifugation, pellets were washed with cold PBS, bead-bound proteins
were boiled in SDS-loading buffer, separated in 4-20% denatured gels and processed for
immunoblot analysis using antibodies against phospho-Smad3, Smad4 or p300.

Immunofluorescence
PPAR-γ heterozygous and PPAR-γ null MEFs were seeded on coverslips were incubated
with DMEM containing 10% FBS and TGF-β for 60 min. Cultures were washed in PBS and
fixed in 4% paraformaldehyde for 30 min, followed by incubation with 0.25% Triton X-100
for 10 min and washing in PBS, and then stained with antibodies specific for Smad1/2/3
(Santa Cruz) or isotype control antibody. FITC-labeled anti-mouse IgG antibody was used
as secondary antibody and nuclei were identified with 4'-6-Diamidino-2-phenylindole
(DAPI). Images were obtained by digital capture in a Nikon Eclipse TE200 microscope
(Fryer Company, Huntley, IL) and viewed under 200 X magnification.

Statistical analysis
The data were presented as means ± SD. The significance of differences between
experimental or treated groups and control groups were determined by analysis of variance
(ANOVA) and the value of p<0.05 by student t-test was considered statistically significant.
Student t-tests were performed using GraphPad t-test calculator.

RESULTS
Elevated Type I collagen gene expression in PPAR-γ null MEFs

In order to study the contribution of cellular PPAR-γ in physiologic regulation of collagen
gene expression, we pursued a loss-of-function approach using cells lacking PPAR-γ.
Confluent cultures of PPAR-γ null MEFs and heterozygous control MEFs in parallel were
pretreated with 15d-PGJ2 or DMSO for 60 min followed by TGF-β. At the end of 48 h
incubation, cultures were harvested and whole cell lysates and supernatants were subjected
to Western analysis. The results revealed that basal collagen production was substantially
higher in PPAR-γ-null MEFs (Fig. 1A). Consistent with these findings, qPCR analysis
indicated that levels of COL1A1 mRNA were >3-fold higher in PPAR-γ null MEFs
compared to heterozygous MEFs (Fig. 1B). TGF-β caused a significant increase in the levels
of intracellular, as well as secreted, Type I collagen in both heterozygous and PPAR-γ null
MEFs. 15d-PGJ2 suppressed TGF-β-induced Type I collagen synthesis in heterozygous
PPAR-γ control MEFs as expected. However, 15d-PGJ2 failed to inhibit TGF-β-induced
Type I collagen synthesis in PPAR-γ null MEFs (Fig. 1A). Absence of PPAR-γ expression
in PPAR-γ null MEFs was confirmed by Western blot analysis (Fig. 1A) as well as by RT-
PCR (data not shown).

The regulation of collagen gene expression by PPAR-γ ligands was examined in transient
transfection assays. Heterozygous and PPAR-γ null MEFs in parallel were cotransfected
with 772COL1A2-CAT reporter construct and PPAR-γ expression vector. Following 24 h
incubation with or without 15d-PGJ2, MEFs were harvested and cell lysates were assayed
for their CAT activities. The results from multiple transfection assays indicated that the
activity of the COL1A2 promoter was markedly elevated (~6-fold) in PPAR-γ null MEFs as
was found for endogenous gene expression (Fig. 2). These results suggest that endogenous
PPAR-γ is a repressor of collagen synthesis and regulation is at the level of transcription.
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Based upon these observations, we would predict that ectopic PPAR-γ might attenuate
constitutively elevated COL1A2 promoter activity observed in PPAR-γ null MEFs, as well
as restore their ability to respond to PPAR-γ ligands. The results from multiple assays
showed that ectopic PPAR-γ had no effect on the basal COL1A2 promoter activity in
heterozygous PPAR-γ MEFs. In contrast, ectopic PPAR-γ suppressed elevated collagen
gene expression in PPAR-γ null MEFs in presence and absence of PPAR-γ ligand, 15d-
PGJ2. The inhibitory effect was dose-dependent, with CAT activities reduced to the levels
comparable to those noted in heterozygous control MEFs (Fig. 2). Therefore, lack of
endogenous PPAR-γ largely accounted for constitutively elevated basal collagen synthesis
in PPAR-γ null MEFs.

Autocrine TGF-β stimulation and exogenous ligand-independent Smad activation in PPAR-
γ null MEFs

As recent reports demonstrated that activation of PPAR-γ caused suppression of TGF-β
receptor and or TGF-β [17,18], we wondered whether elevated levels of Type I collagen was
also due to increased expression of the Type I TGF-β receptor (TβR1), or increased
endogenous production of TGF-β in PPAR-γ null MEFs. In order to address this issue, the
level of TβRI was measured in PPAR-γ null MEFs and control MEFs. Western analysis
showed that levels of TβRI were constitutively increased >2-fold in PPAR-γ null MEFs
compared to control MEFs (Fig. 3A, upper panel). As expected, TβRI expression was
stimulated by TGF-β in both PPAR-γ heterozygous and PPAR-γ null MEFs.

We and others have shown previously that TGF-β stimulation of collagen gene expression
required ALK5-dependent Smad3 phosphorylation and downstream Smad signal
transduction [3,5,19-21]. To seek the mechanistic basis for constitutive collagen gene
upregulation in the absence of endogenous PPAR-γ, we examined individual steps in the
TGF-β/Smad signaling cascade upstream of collagen gene regulation. To evaluate
alterations in Smad activity, PPAR-γ heterozygous and PPAR-γ null MEFs were incubated
with TGF-β for 24 h, and Smad2/3 phosphorylation was examined in whole cell lysates. The
results of Western analysis showed that in comparison to control MEFs, in MEFs lacking
cellular PPAR-γ, endogenous Smad2 and Smad3 showed constitutive phosphorylation even
in the absence of exogenous TGF-β, whereas levels of total Smad2 and Smad3 were
comparable to control MEFs (Fig. 3A, lower panel). As expected, TGF-β induced
phosphorylation of Smad2/3 in both PPAR-γ control MEFs and PPAR-γ null MEFs. To
determine if constitutive Smad2/3 phosphorylation in PPAR-γ null MEFs was associated
with nuclear accumulation, the subcellular distribution of Smad2/3 was examined by
immunofluorescence. As shown in Fig. 3B, endogenous Smad2/3 were largely cytoplasmic
in PPAR-γ heterozygous MEFs, and TGF-β induced their nuclear accumulation, as expected
(Fig. 3B). In contrast, Smad2/3 showed constitutive nuclear accumulations in PPAR-γ null
MEFs even in the absence of exogenous TGF-β.

Constitutive Smad2/3 activation seen in PPAR-γ null MEFs may be due to autocrine
stimulation of these cells by endogenous TGF-β. To address this possibility, TGF-β1
production and expression of TGF-β1 mRNA was examined. Results of qPCR analysis
indicated that the levels of TGF-β1 mRNA were 4-fold higher in PPAR-γ null MEFs
compared to PPAR-γ heterozygous control MEFs (Fig. 4A). The levels of secreted TGF-β1
determined by ELISA showed a 2-fold increase in supernatants from PPAR-γ null MEF
cultures (Fig. 4B). Therefore, constitutive Smad2/3 activation in PPAR-γ null MEFs may
reflect autocrine stimulation due to increased endogenous production of TGF-β, and or
increased expression of the Type I TGF-β receptor (TβR1), in these cells.

To confirm the role of autocrine TGF-β stimulation in constitutive phosphorylation of
Smad2/3 observed in PPAR-γ null MEFs, we examined the modulation of Smad2 activation
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in the presence of TβR1 kinase blockade. For this purpose, PPAR-γ heterozygous and
PPAR-γ null MEFs were pretreated for 60 min with SB431542, a specific inhibitor of TβRI
kinase activity and downstream Smad2/3 dependent signaling [22,23]. Cultures were
harvested following incubation with TGF-β for 23 h, and whole cell lysates were subjected
to Western analysis. The results showed that as expected, SB431542 blocked TGF-β-
induced phosphorylation of Smad2 in PPAR-γ heterozygous MEFs (Fig. 4C). Importantly,
SB431542 completely abrogated constitutive Smad2 phosphorylation in PPAR-γ null MEFs,
suggesting that TβRI kinase activity was responsible for Smad2 activation observed in
PPAR-γ null MEFs in the absence of exogenous ligand (Fig. 4C).

Constitutive Smad2/3 interaction with SBE and p300 accumulation in PPAR-γ null MEF in
the absence of exogenous ligand

The transcriptional coactivator and histone acetyltransferase p300 has important roles in
regulation of genes involved in cell proliferation, apoptosis and fibrosis, and is known to be
intimately involved in TGF-β responses [24,25]. We have shown previously that ligand-
induced Smad2/3 interaction with p300 and consequent p300 recruitment to the Smad-
binding element of the COL1A2 promoter was required for TGF-β stimulation of collagen
synthesis [6,7]. The observation that PPAR-γ null MEFs showed constitutive Smad2/3
phosphorylation led us to consider whether elevated expression of collagen, a target gene for
Smad2/3, in these cells could be due to constitutive interaction of Smad2/3 with the SBE
and accumulation of p300 in that Smad complex. To address this question, the accumulation
of Smad2/3 on the probe, and recruitment of endogenous p300 to the DNA-bound Smad2/3
transcriptional complex was examined by DNA affinity precipitation assays (DAPA). For
this purpose, confluent MEFs were incubated with TGF-β for 60 min, and equal amounts of
nuclear extracts were subjected to DAPA using oligonucleotide probes harboring the
consensus Smad binding element SBE. The results showed that in PPAR-γ control MEFs,
TGF-β enhanced the accumulation of phospho-Smad3 on its cognate binding site (Fig. 5) as
shown previously in normal fibroblasts [6,7]. In marked contrast to control MEFs, phospho-
Smad3 was found to be bound to SBE in a ligand-independent manner in PPAR-γ null
MEFs (Fig. 5). Furthermore, TGF-β enhanced the accumulation of p300 in the Smad3-SBE
complex in PPAR-γ heterozygous MEFs, whereas constitutive p300 accumulation on
Smad3-SBE complex was seen in PPAR-γ null MEFs in the absence of exogenous ligand.

Decreased levels of PPAR-γ expression in SSc skin fibroblasts—As PPAR-γ
null MEFs possess many characteristics of SSc skin fibroblasts in the light of elevated TGF-
β signaling, constitutive Smad activation, p300 recruitment in Smad containing
transcriptional complex and elevated collagen synthesis, we asked whether SSc phenotype is
due lack of PPAR-γ in fibroblasts (Fig. 6A). To address this issue, skin fibroblasts derived
from SSc lesional skin and healthy controls were grown in culture and total RNA was
extracted. The amount of PPAR-g mRNA was determined in SSc and healthy controls by
quantitative PCR. The results showed that the levels of PPAR-γ mRNA was significantly
decreased in SSc fibroblasts compared to healthy controls (Fig. 6B) indicating lack of
PPAR-γ in SSc skin fibroblasts may be associated increased profibrotic responses.

DISCUSSIONS
The nuclear hormone receptor PPAR-γ is intimately involved in adipogenesis and glucose
homeostasis [26]. Like other nuclear receptors, PPAR-γ also functions as a ligand-dependent
transcription factor that specifically recognizes conserved sequences [13]. Activation of
PPAR-γ is involved in regulating the expression of multiple target genes [27]. Recent
studies have identified a novel role of PPAR-γ in the regulation of collagen gene expression
and in connective tissue homeostasis [28]. We and others have shown that PPAR-γ
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activation by troglitazone or 15d-PGJ2 in mesangial cells and fibroblasts results in inhibition
of collagen synthesis, or abrogation of stimulation of collagen gene expression induced by
TGF-β [15,29-31].

In order to test whether ligand-induced suppression of TGF-β-induced collagen gene
expression was PPAR-γ dependent, we undertook a loss-of function approach using PPAR-γ
null MEFs and results showed that PPAR-γ ligand failed to inhibit the elevated levels of
collagen gene expression in the absence of PPAR-γ. Interestingly, the basal level of collagen
gene expression was very high in the PPAR-γ null MEFs compared to controls. The aim of
the present report was to establish the molecular mechanism involved in the upregulation of
basal collagen gene expression in PPAR-γ null MEFs.

Present study demonstrates that genetic deletion of PPAR-γ in MEFs causes an increased
synthesis of Type I collagen and upregulation is due to increased transcription. This
activation is associated with the lack of PPAR-γ because ectopic PPAR-γ dose-dependently
suppresses collagen gene expression suggesting cellular PPAR-γ is a natural repressor of
collagen synthesis. As increased TGF-β1 and TβRI are involved in upregulation of collagen
synthesis and recent studies indicate that PPAR-γ is a suppressor of TGF-β1/TβRI [17,18],
we wondered whether several fold elevation of collagen gene expression in PPAR-γ null
MEFs were only due to lack of PPAR-γ or also due to elevation of autocrine TGF-β
signaling. To address this issue we determined the levels of TβRI and TGF-β1 levels in
PPAR-γ null MEFs and in heterozygous control. Indeed, the levels of TβRI and TGF-β1 are
significantly elevated in the absence of PPAR-γ. These findings are in agreement with recent
observations where treatment of mouse fibroblasts with 15d-PGJ2, a ligand of PPAR-γ,
causes suppression of TGF-β1 gene expression in a PPAR-γ dependent manner [17].
Similarly, the activation of PPAR-γ by ligands also leads to suppression of TβRI and TβRII
expression [18] which indicates that PPAR-γ negatively regulates TGF-β signaling and thus
affects the downstream target genes like Type I collagen.

Type I collagen is the major extracellular matrix protein in skin and other tissues. While a
physiological level of collagen in the matrix is necessary to maintain the tissue homeostasis,
deregulated excessive synthesis and accumulation of collagen causes fibrosis in systemic
sclerosis (SSc) [1]. The pleiotropic cytokine TGF-β is known to play a major role in the
activation of fibroblasts and induction of collagen synthesis during wound healing [32].
Deregulation in this pathway leads to excessive collagen synthesis and tissue fibrosis. TGF-
β transduces its signals via Smad-dependent and non-Smad pathways [33]. As TβRI and
TGF-β1 are elevated in PPAR-γ null MEFs [present study] and TGF-β-induced collagen
synthesis in fibroblasts is Smad dependent [3], we reasoned to study the levels and activity
of TGF-β signaling molecules Smads in this cell line. Remarkably, the Smad2/3 are
constitutively phosphorylated and located predominantly in the nucleus of cells lacking
PPAR-γ. This activation of Smads is due to increased levels of TβRI kinase and activated
TGF-β in PPAR-γ null MEFs because the phosphorylation can be blocked by a known
ALK5 inhibitor SB431542 [22,23]. Taken together, present findings suggest that lack of
PPAR-γ is associated with elevated levels of autocrine TGF-β signaling and activation of
downstream Smad signal transduction pathway.

In TGF-β-induced Smad-signaling pathway, acetyltransferase p300 plays a pivotal role.
Previously, we demonstrated that induced interaction of Smad with p300 is essential for
induced collagen synthesis by activated fibroblasts [25]. The present study demonstrates the
constitutive accumulation of acetyltransferase p300 on DNA bound p-Smads in PPAR-γ null
MEFs. These results together further suggest that significant upregulation of collagen gene
expression in PPAR-γ null MEFs is not only due to lack of PPAR-γ, a repressor of collagen
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gene, but also due to autocrine TGF-β signaling and constitutive Smad signaling and
involvement of acetyltransferase p300.

Increased levels of TβRI/II and enhanced autocrine TGF-β signaling are implicated in the
development of fibrosis in SSc [34,35]. Increased autocrine TGF-β signaling is also
associated with constitutive activation of Smad2/3 in SSc [36]. Furthermore, the levels of
acetyltransferase p300 and its interaction with Smad3 are significantly elevated in SSc
fibroblasts [8,37]. The results of the present study clearly indicate the existence of elevated
levels of TβRI/TGF-βl and downstream activated signaling molecules in PPAR-γ null
MEFs. Therefore, the present model of PPAR-γ null MEF demonstrates parallel
characteristics of SSc fibroblasts which ignite us to ask whether SSc phenotype is associated
with impaired PPAR-γ signaling (Fig. 6A). Indeed, the levels of PPAR-γ mRNA and
proteins in SSc fibroblasts are significantly lower compared to healthy controls (Fig. 6B)
indicating that PPAR-γ may contribute to the SSc phenotype and may be a potential
therapeutic target for SSc.

In summary, present study demonstrates that lack of PPAR-γ is associated with constitutive
activation of autocrine TGF-β signaling via downstream Smad-p300 containing signaling
cascade, and elevated collagen gene expression. As parallel characteristics are present in
SSc fibroblasts, it is apparent that low levels of PPAR-γ in SSc may be associated with
increased TGF-β-induced profibrotic signal and disruption of connective tissue homeostasis.
Therefore, PPAR-γ null cells may be an excellent in vitro experimental model to pursue
study on molecular basis of fibrosis.
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Figure 1. Elevated Collagen gene expression in PPAR-γ null MEFs
Confluent PPAR-γ null and PPAR-γ heterozygous murine embryonic fibroblasts (MEF)
were pretreated with 15d-PGJ2 (10 μM) for 60 min following incubation with TGF-β (12.5
ng/ml) for 48 h. A. Whole cell lysates (upper panels) and culture supernatants (lower panels)
were examined by Western analysis. Representative immunoblots are shown. B. Total RNA
was subjected to real-time qPCR analysis. The levels of COL1A1 mRNA are normalized to
the GAPDH mRNA in each sample. The results represent the means ± SD of triplicate
determinations. * denotes p<0.05
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Figure 2. Ectopic PPAR-γ down-regulates basal COL1A2 transcription in PPAR-γ null MEFs
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PPAR-γ heterozygous and PPAR-γ null MEFs transiently transfected with 772COL1A2-
CAT and PPAR-γ expression vector were treated with 15d-PGJ2 or DMSO for 60 min.
Following 24 h incubation, cell lysates were prepared and assayed for their CAT activities.
The results shown represent the means ± S.D. of triplicate determinations. * denotes p<
0.05.
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Figure 3. Elevated TβR1 levels and constitutive activation of endogenous Smad2/3 in PPAR-γ
null MEFs
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A. Confluent PPAR-γ heterozygous and null PPAR-γ MEFs were incubated with TGF-β
(12.5 ng/ml). After 23 h, cultures were harvested and whole cell lysates were examined by
Western analysis. Representative immunoblots are shown. B. PPAR-γ heterozygous MEFs
and PPAR-γ null MEFs were incubated with TGF-β and immunostained with Smad1/2/3
antibodies, and examined by fluorescent microscopy. Immunostained with Smad1/2/3,
DAPI and merge images were shown.
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Figure 4. Elevated TGF-β1 expression in PPAR-γ null MEFs
A. Total RNA from confluent cultures of PPAR-γ heterozygous MEFs and null PPAR-γ
MEFs was subjected to qPCR analysis TGF-β and normalized with the levels of GAPDH
mRNA. The results represent the Mean ± SD of triplicate. * denotes p< 0.05. B. PPAR-γ
heterozygous MEFs and PPAR-γ null MEFs were grown in culture and supernatants were
harvested and the levels of TGF-β secreted into the media were determined by ELISA. C.
Confluent cultures PPAR-γ heterozygous and PPAR-γ null MEFs were pretreated with
SB431542 (10 μM) for 60 min followed by TGF-β, and after a further 23 h incubation, cell
lysates were subjected to Western analysis. Representative immunoblots are shown.
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Figure 5. Constitutive phospho-Smad3 and p300 accumulation on SBE in PPAR-γ null MEFs
PPAR-γ heterozygous and PPAR-γ null MEFs in parallel were incubated with or without
TGF-β for 60 min. Nuclear extracts were subjected to DNA affinity precipitation assays
using biotin-labeled oligodeoxynucleotides harboring Smad binding element (SBE) as
probes.
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Figure 6. PPAR-γ expression in SSc fibroblasts and parallelism between PPAR-γ null MEFs and
SSc fibroblasts
A. Lack of PPAR-γ may be associated with SSc phenotype. B. The total RNA was extracted
from lesional SSc fibroblasts (five) and healthy control fibroblasts (three). The amount of
PPAR-γ were determined in SSc and healthy skin fibroblasts by qPCR using PPAR-γ
specific primers. The levels of β-actin mRNA were measured and used as control. Data
represents means ± SD of triplicate determinations. * denotes p<0.05.
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